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PKEFACE 


-Jth present M)lume is a eoinpleteh re\ised and largely reuiitteii 
^sion of the last edition of a \iork that was published originally in 
aiid has .since had a irood rei'cption by engineers and others 
ncerued with the seIe(*tion and appluMtion of metals Jt forms Die 
\olume of a series ot three, of whi<*h the second \oiiime de.ds 
xtJi the non-ferrous metals and their aliens, pListic and othi*r organic 
^VTials, the third volume is devoted to the theorv and testing of 
Igineering materials 

This volume is mtend(‘d piinuiiilv, foi the ongmecn* designcn 
cDstruc tor, and otlier useis of stei Is and iions, it de ds vMth cliemo^t 
Bportant of tlie avail.ihic' metals thmr mcHhanical and physic ,d 
•roperties c <»m])osition, heal tieatmc nts, and (ommiicail applications 
t sliouid, tlunioic toim a usetu! guide <ind utdcncc' vvoik to thc‘ 
ek- tioii of the most suitable met.ds tor ui^y desiied j)uit>c)s(s 

In the preparation of this book tlic* noc'ds of tlu‘ .me raft and 
,Ulomobile engineer vveic' accoidtd hist attention, liut m addition it 
Fits dc(id(‘d to include the majoi le (niiKoncoits of the mechanical 
KMDs^ ruct lonal c hemic*al and electrical ( ngmc'er 
' Smee the list edition was puhlishcHl th(‘i(‘ has been a c onsKierabl(‘ 
4ll|c)unt of rescMich and development weak notabh in c eame'e tiem 
«#h allov steeds and east nous sei that todiv there is av ohhle‘ a 
’^Jatively large niiinbc i of new me 1 cK each with its own poticulai 
^plic.itions ( a w(,ii usistanct heat oi coiiosion resistance', 
miMinum haidness, toughiu'ss duetility tensile slicngth l.itigue 
tistame (*te 

J It should he* nK‘ntion(el tliat no it tempt fi.is be*rn m ide* te> give 
mythiug but a bare* outline of the* metdhngie d or met diogr.tfihie ai 
Pt])t'(ts of the subjeet and this has be** n me haled onl\ in older to 
^'m* the reade*!' an <le*ment<ii\ knowledge of the (oiiNtitne nts of stea'ls 
t d irons and oi the thermal e fleets on the nit me and an mg(‘me*nts 
A these e onstitneaits 

In order to e*xtenel the tu Id of usefulness tla present \olunie' 

I hides information lelatmg to the rnae liming of steels and irons, 

^ lenng, bia/ingancl u(*Jdjiig .uid certain otlar jaac tic a) asjK'ets 
^ n regarel to the scojx* of this book, whilst inlcnd<*d to rover the 
^ds of the mamifae finer, engmeeT, and designer it should also lx* 

^ Till to the dr.nightsmaii and student, the i.inge of its e ontents can 
I 4 hr* judged by a survey of the index at the end 
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E N G I iN E E K I N (i 
M ATE lU A ES 

CHAl*TKR I 

PdtROTJS SflSTAXiS 

Iron— Historical 

'Fnis iinj)()rtant metal, which forms the principal cvnistit iicnt of all 
modem irons and steels, l\as know*n to mankind lor over 2lX)() 

years, the earliest evidenet^ of its existence U-in^ that of the Early 
Iron Age (HKNl-iiOO a (*,), for iron tools of this epot^h hav(‘ Ikjoii 
lound at Hallstatt in Austria. Mtui^ion (*f the manulacture of steel 
was also made by Aristotle (3S4-,‘12:* b r ). 

\part from th(‘ exisl<Mic<» of meteon(‘ iron, which must have been 
known to the an(*ients, |MTha])s the* most striking (‘.xample of the use 
ol iron in early times is that of the l>('lhi Iron Pillar, lM*li(‘V(*d to date 
b.o k to A.T>. 30<). Thi^ nunarkalde column stands 24 ft. in height, 
weighs about (U tons, and c‘onsists of nearly purt* iron, so that it was 
<‘vi(lently jiroduced by a forging process. Sir HolxTt Hadfhdd^ has 
given th«‘ |M'rceutag(* analysis of a sample of iron from this pillar, to 
indicate its comparative ])urity as judgeii ev<*n by modern standards; 
it was as follows : iron, 9lh720 ; <’a r bon, 0 08(1 , silicon, 0-04(> ; sulphur, 
O tHJO, jihospliorus, 0*1 14; manganese, nil. The sjiecifio gravity was 
7-81 and the Brinell hardne.ss 188. 

'fhe early method of producing iron from its ore.s— wdiich exist on 
the surface or at shallow' depth* — was to use a furnace alxmt 3ft. 
high and I ft. diametf*r, liaving air hok*s ]x*low'. The furnace w'as 
heated with charcoal and wlicui thoroughly hot was eharg(*d with iron 
ore and charcoal, usually arranged in alternating layers. 'Fhc crude 
iron thus produced was afterw^ard.s refined by heating to redne.MS and 
hammering, the process Ix'ing repeated until most of the slag, earth, 
and othe*r inclusions hiuJ betm removed ; th(‘ jiroduct thus obtained 
was a kind of wTought iron. It is probable that both cast iron and 
steel were also discovered in ancient timers, for th<‘ method of reducing 
the iron ore with charcoal w^ould, if the projK>rtion8 were varied, result 

* Sinhalese Iron and Steel of Ancient Oriqin^ Sir K. HrulfifUk Proc, Roy, 
Soc„ 1912. 
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in a metal containing different proportions of carbon. Thus, it is 
known that in some of the early attempts (a.d. 1-600) to extract 
the iron, skin Ix^llows were used, so that higher smelting temj)eratures 
were obtained ; with an (‘xeess of (*harcoal the brittle form of iron, 
containirig from 2 to 5 p<‘r cent of carbon, might conceivably have been 
produced. 

Similarly, 'Jt<‘(‘l —which l>ecame more widely knowm during the 
IMTiod \ I) boo KMJO — was no <loubt produced by accident, for the 
inclusiort oi carbon from the charcoal, in small amounts, namely, 
up to about 1 per cent, in the metal, whicli was afterwards subjected 
to n |K*ated lieating and hamriKTing, would result in the production 
oj a steel ot sonu* kind. If is also very probable that the hardening 
j)rofX‘rty ol sOnd was dis(‘over(*d accidentally, when the lieated metal 
was cooled l)y (piencliing it in wat(‘r. 

Production oi Iron 

Mod(*rn irons and steels (‘ontain from about 04 to 00*0 |k.t e(mt of 
pun‘ iron, the lattiu* metal b(‘ing obtained from iron ores by smelting 
ami subseqmmt retining proc(‘sses. 

14ie (*ommon(‘st tyfx* of iron pnHluc<*d commercially is pig or cast 
iron. As the ]>roc(‘ss of obtaining this form of iron is a comparatively 
siniple on(\ a l)ricf outliiu* of the method em])loycd will be given. 

The iron <»r<^s g(‘m‘rally used for making east irons in the blast 
fiirnaee im-lud(‘ iMagnetitc (Fe^O^). Haematite* (Fe^Oj), Limonite 
( 2 F(* 30 j. .‘iHgO), Si<l(*rite or S[>athi<* iron ore (Fet’Oj). and l^yrites 
(F(sS,^). 'Flu* fornuT contains about 72 })er cent of iron, and the others 
smaller jM*r(*en1ag(*s down to 4(>-7 per e(‘nt in the (‘ase of pyTites. 

It is lunvssary to purify tin* ore used for commeridal iron making 
kdon* it (*an he used: the usual process adopted necessitates the 
«icoxidation of the ore, followed by its separation from the other 
associaU'd mineral matter, e.g. elay, quartz, etc. 

Tlie iron ore is melted in a furnace, known as a blast furnace, in 
contact with other carbon -Inniring materials, such as coke, charcoal, 
or anthraicite, so th.it the oxides in the ore are converted into carbon 
monoxide (t’O) or carbon dioxide (CX) 3 ) ; the result is that all of the 
oxygen is removed from the ore. During tlie iron ore smelting process 
the impurities formed, consisting of silica in combination with earths 
!uwl metallic i>xide9. known as doijy float on the surfiioe of the molten 
iron, and are rt'iuoved by tapping the furnace at a Uttlc higher level 
than that of the iron. During the smelting process the iron that has 
lH>eu deoxidized lM‘t‘omes nearly sjiturate<l wdth carbon, taking up 
trom 3*5 t<» 4 jkt c<*nt . This absorption of <*arbon (termed carburizing) 



THE FERROUS METALS 


5 


is an important part of the iron- 
smelting process, for through 
it alone can the iron l)o luach* 
fusible enough to im^lt at the 
temperatures that can lx* gener- 
ated in the blast furnact* ; it is 
only when the irc»n is liquid 
that it can l)e proj)orly separ- 
ated from the slag. Further, 
the iron is heated so far aho\t‘ 
its iiudting-point that it ean Iw 
run out through the tajijmm 
holes of the furnac‘t‘ whilst still 
molten into the easting moulds, 
situated at nppreeiahh* dis- 
tances from the furnace, and 
eveii (*arried in clay-lined ladlc.s 
to other furnaces where it is to 
1 m* converted into steel. 

Fig. I illustrates, diagram- 
mat ically, a ty])ical blast fur- 
nace, and demonstrat<‘s the 
tuethod of extracting the iron 
from its ores. The blast furnace 
is usually from soft, to KM) ft 
or more in height, and about. 
IS ft to 20ft. wide at its maxi- 
mum cross-section. The lumps 
«)f iron ore, fuel, and linie.stone 
are charged through the hop|K‘r 
from the on* huck(‘t O at the 
top, and, jis shown, the interior 
of the blast furnace is filled to 
<i level just Ik* low’ the throat. 
The ore is deoxidized during 
its descent, and eventually 
reaches the carburizing zone 



near the base, and finally the h'u. l. ijj.c.vrKATiso a Twh ki. 
molten iron tapping hole Hr.AST KniNArh: 

that is normally stopjKxl with 

clay. The slag is drawn off’ a little higher through the hole, or 
“cinder notch,” P. 
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Heated air under pressure is forced through nozzles or “tuyeres” 
T near the lK)ttom of the furnace, to supply oxygen for burning the 
eoke or fuel introduced with the ore. It is the heat thus generated 
that melts the iron deoxidized above, and also the other minerals 
of the or<s termed the “gangue,” which unite with the lime of 
the limestone and the ash of the fuel to form the slag previously 
ref(*rred to. 

Jleferring again to Fig. 1, S denotes the air supply or “blast” 
pi]K‘, A tlie melting or fusion level of the furnace, and R the water- 
(‘ooled boxes around the hottest portions, or “boshes.” 

The molten iron thus obtained is afterwards tapped from the 
furnae(‘ and din^cted into sand moulds of suitable form, where it 
afterwards Holi<iities into rectangular bars or “pigs.” It is from the 
latter that th<* various grades of <*ast and wrought irons and finally 
the Ht<H‘ls are ultimately 2 )roduced by ditfenuit n‘tining processes. 

Wrought Iron 

This fiitluTto important metal, consisting of at least 99 per cent 
iron, IS now seldom (‘rnployed for commercial purposes on account 
of its inferior ph\sic<d properties as (‘ornpared with those of the 
low-carbon st<‘(‘ls In its purified form, however, it has important 
applications in the ele(>trical indu stry. 

brought iron is obtained from (*ast iron by the proc(‘ss of puddling, 
forging, and rolling, afti-r wliieh treatment only a very small jHTcentage 
of carbon remains, usually from 0*05 to 015 cent. 

Certain impurities, such as manganes(*, sili(‘on, sulphur, and 
phosphorus, are usually found in the resulting metal, and its physi(‘al 
properties are aifectod thiTcby. For example, th(‘ effect of more than 
about 0*1 \\cv cent of jihosjihorus in iron is to make the metal cold 
short, i.e. to cause it to (Ta<*k if Inuit cold, although it may be readily 
bent hot. 

Sulphur, if prest'iit to a greatiT extent than about 0*1 per cent, 
causes red shortn<<ss, i a ^tendency to fracture during hot forging or 
working. 

Wrought iron is a silvery metal having a fibrous structure in tlie 
rolk'd or forged condition duo to the presence of small quantities of 
slag in tlie original ingots, ‘ It is for this reason that wrought-iron bars 
and plates show' different meehaiiieal properties along and across the 
direction tif rolling. The pn^sence of these slag piirticles can be detected 
by microscopical examination. 

There t\re different grad<*s of wrought iron, ranging from tlio 
ordinary merchant bar to the treble liest and charcoal irons. The 
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latter, which include the S\^edish irons, are the purest frrades, and are 
used for electrical parts, such as armature stam[)mgs, trunsfcTiner 
cores, magnet keepers, etc. 

Properties of Wrought Iron 

Wrought iron camiot be hardened by heating^^o a ItnuinTature 
just above the upiier critical temi)erature, or “.irrest ” point (SbO' C.), 
and quenching in water, although sliglit (haiiges in the lutM-hanieal 
properties can he produced by quenching and reheating at difii'nmi 
t(*rnperatures below the staked value. 

Wrought iron has a specific gravity of 7*8 to 7 a(*cording to 
the grade. 

A cubic foot of iron of 7*78 sjwjcifie gravit \ weighs 48() lb. ; a cubic 
nu ll weighs 0*281 lb. 

'fhe coefficient of lineiir expansion is 10*2 \ 10 

The thermal conductivity’*' is 0*144 (C.d.S. units) at 18“ (\ and 
0 143 at KKrC. 

For pure iron the corresponding values at 18“(^ and 100“ C. are 
0*101 and 0*151 respectively. 

The specific heat, between 20' C. and 100' V., is 0*1 10,’*' and from 
0 C. to 1100“ (^. 0*153.t 

Tile electrical resistivity of ]>uro and wTought iron at 18’ C. are 
0 to 15 X 10 ® and 13*9 X 10 ® ohms jkt sq. cm. respectively. 

iron m elts at 1 5301C.. attains a ehexry-red heat at 750' (). to 780 C., 
tUid a bright yellow* heat (forging condition) at 850 C. to 900' (J. 

Lin regard to the mechanical proper! i(*s of wrought iron, tensfie 
streiipth values lie betwecirTlie TTinits of 10 and t/oiis jkt sq. in., 
according to the grade and condition. The tensile strength of the liest 
wTought irons vant‘s between 20 and 25 tons jier sq. in. for fiat sheet 
and strip metal, with an tdongation of 20 to 25 ])er (‘ent and reduction 
of area of 50 to fiO ])cr cent ; the values given refer to t(‘slH made on 
the metal in the (lir<*etion of rolling. 

When taken across the direction of the libn's the tensile strength 
ranges from alx)iit 15 to 22 tons |K*r sq. in., but the re<luction of area 
Is usually greater, namely, from 70 to 80 |ht cent. 

Wrought iron show^s a well-marked yield point of from 15 to 17 
tons per sq. in. ; its elongation is about , of its hmgth for each ton 
{XT sq. in. within the elastic limit, which varies from 14 to 16 tons per 
sq. in. for good qualities of this iron. 

The compressiv e strength of wrought iron is ratluT indefinite, but 
may be taken at 25 to 30 tons ptT sq. in . 

• Sclunitz. 


t Hark(*r. 
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The s hearing s tren^h varies from ]»^o 20 tons per sq. in., and is 
k‘88 when sheared along the direction of rolling (f)r parallel to the slag 
grain). 

The modulus of (‘lasiieity for wrought iron varies from 12,000 to 
13,000 Ions [XT sq. in., being about 12,500 upon the average. 

The infsluluH of rigidity is about 5000 tons jDer sq. in. 

Best Yorkshire Wrought Iron 

This widely used iron is made holly from ‘’i)uddled” pig iron, no 
scrap of any kind being used in the puddling furnace or in the piles. 
As sfHH'ified in tlie British Standard vSp^^cification No. 858 (1939), the 
})ereentage cheini(‘al conqiosition is as follows: Manganese, 0()(> 
(max.); phosphorus, 010 (max ): iron, the remainder. 

Tensile tests upon round and scjuare seetions up to 4 in. should 
give values of 20 to 25 tons |)er s(|. in. ; minimum pereentage elonga- 
tions of 20 to 38 ; and minimum reductions of area of 39 to 52 ])er cent, 
according to the speciH(*d sizes and condition, i.e. whether rolled or 
machined. 1’he minimum yield point should be from 50 to 50 ]>er cent 
of the tensil(‘ strength. For {)lates of } in. to 1 in. the tensile strengths 
with and across the grain should Ik* 21 to 24 and 20 (min.) respectively. 

Other t<*sts .spccitied include cold ImmhI ones, nick and b<md tests, 
forged-dovMi tensil(‘ tests, welded bar tests and nick and fracture 
tests. 

Wrought Iron for General Engineering Purposes 

'File wrought irons employed in this country for general engineering 
purpOwses arc covcre<l by the B.S.I. S|K*citication No. 51 (1939), which 
includes thri'c grades, namely, .1, and 0. The whole of the iron 
su])plied to this S|K*citica( ion is of “puddled” wrought iron and the 
mangane.s(» (‘ontcuit must not evceed 0*10 |ht cent. 

The tensile tests u}x>n standard s}X‘cimens of round form are 
Hpecitied to giv<' tensile strength values of 20 to 25 tons j)er sq. in., 
with elongations of 2tl to ,35 j)er (*i'nt and mluctions of area of 38 to 
50 |K‘r cent, according to the diameter or size of the s{)ecimen and its 
condition, i.e. wlu'ther as rolled or machined. 

In the i‘ase of plates the tensile strengths with th(‘ grain must lie 
within 20 and 24 t<ins per sq. in., and across the grain from 17 to 21 
tons jKT K(p in., with minimum elongations of 3 to 10 per cent, a (‘cording 
to the thickness of the plate. 

A numlx'r of other tests specified include c<>ld bend ones, hot bend 
tcvsts, nick and IxmuI tests, welded bar tests, (jiamch tests, and the 
“ramahom” test. 

The quench Ust (‘onsists in heating a 8|K*cimen to a yellow' heat 
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(1038"* C. to 1093'' C.) and suddenly quenohiug It in water below 90' F. 
It must withstand this test without showing cracks or Haws when 
bent through an angle of 180° round a former having a diameter equal 
to the diameter or thickness of the test piec(‘, until tlu' limits are 
parallel. 

The ram^horn test is st)ecified as follows: 'fhe test ])ieeeH shall be 
punched at a full red heat 15(K)°F. to 1000 ' F. to 871° 0.) 

Aith a punch one-third the diameter or width of the bar, at a distam^i' 



ABC 

Fio. 2 . 'I'liio Il\Msnoi{s 'Pi.s'i i.(»t Ikon 


Irom the end of tlui bar ecpial to one and a half tinuss the diaimder or 
width (Fig. -(^1)). While still hot the hole shall th(*n Ix' drilled out 
to one and a quarter times the diameter or width of the bar (Fig. 2 (Ji)). 
The end of the bar up to the hole shall then be split, and the (Uids 
shall be turned back without any extension of the original H|)lit or 
indications of fracture, cracks, or Haws (Fig. 2 (t')). 

Electrolytic Iron 

A much ])urer Ibriu of ir(»n than the wrought i.^ that known 

ri> electrolytic iron, which is j)roduc(‘(i fron» less pure irons, or from 
low-carbon steels (or (‘ven east iron) by d(*position in an (‘lectrolyt ic 
bath. The anode consistN of the k'ss jmre iron-containing metal, wdiilst 
the pure iron cathode re(*eiv(»s dejiosited jmre iron. The electrolyU* 
usually consists of a neutral solution of iron salts such as ferric chloride, 
ferric sulphate, etc. A ty])ieal solution which has been used Jbr building 
up worn steel parts with iron consists of terrous ammonium sulphate? 
at a strength of 75 grams jxT litre (if water. Tlu? current density 
employed in making electrolytic iron varies from 12 to 75 amperes 
l)or sq. ft. 

The m<*thod used by th(‘ Ix' Fer Comjiany of (Irenoble* included 
the use of a revolving cathode and a neutral solution of iron salts 
kept in a neutral state by the circulation of the liquid over the surface 
of the iron. A depolarizing material, such as iron oxide, was added, 

* Ehcirolytk Iron, L (iuillet, Prov, Iron and SUel Jnst,, J914, 
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])eric>dii*aUy, to get rid of tiie hydrogen which formed on the cathode. 
It was tlius found possilde to work with a current of high density 
(1000 amperes jkt s(juare in(*tr(‘), and an iron of excellent quality was 
obtained. 1'he process is ap])Iieable to the direct manufacture of tubes 
and sheets in the finished state. 

The average eoniposition of (deetrolytie iron is approximately as 
follows : ( Wbon 0*004 ; .silicon 0 007 : sulphur 0 (MKi , ])ho8phorus 0*008 ; 

iron 00*075 (pcTcentages). 

Electrolytic iron in the de- 
])osit(Ml stale i.s hard and brittle, 
showing under the microscope a 
chara(‘t(‘ristic grain resembhng the 
tine n(‘(‘dles of marten.site. 

Upon annealing from about 
7(Mt (’. to 800 C. the well-known 
ferritic structure (Fig. 3) is 
obtained , th(‘ annealing process 
not on In imjinnes the strength 
qualities but also serves to elimin- 
ate the absorlHMl ga..ses, such as the 
hydroixiui and carbon monoxide. 

The Umsilc* stnmgth of the 
annealed irt)n averages about 20 
tons piT sq in with an elonga- 
tion ot about to per cent in the direction ol the* length of the 
cathode. 

Tubes and ])lat<*.s made of elc'ctrolytic iron show a remarkable 
degree ol deformation Indon' signs of fracture apjK^ar. 

Th(' llriiH'lI hardne.ss ranges from 103 for the deposited metal doN\n 
to 00 for the metal in th(» annealed v‘ondition. 

Electrolytic iron Ihis Ikhmi einpUned in electrical w«)rk where high 
magnetic ]HTmt'abilit> and low h>sten*sis are neces.virv, but it has 
now been rt‘plac('d to a considerable extent by spc'cial alloys of high 
IxTineability. 

The elei'trica] (‘onductivit \ of this iron (annealed) is 10*22 microhms 
per e.c. at 20 0. 

Amco bon 

Armoo ingot iron is a commercialh pure iron produced in the 
basic oj>en hearth furnace by a somewhat similar method to that for 
making mild steel. 



Kio S la.i < I i{(U ^ I j( I i.<»s 
( \NNFAia.i)) lhcjn*i> 
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This grade of iron contains less than 0 02 per vimt carbon and 
0*02 per cent of manganese, with about 0*005 |)er cent ])liosphorus and 
0*025 per cent sulphur with 09*93 per cent iron. 

The structure consists of a plain network of grain boundaries, 
made up of ferrite. 

Armco iron has a specific gravity of 7*8(>6. 

The specific heat at 25° C. is 0*108. 

The coefficient of linear expansion is 12*0 x 10 ® for tlu^ range 
20^ to 300° C. 

The electrical resistivity is 9*6 microhms |)er c.c. at 0° C. 

The temjxirature coefficient of electri'^cil resistivity is 0*0050 jKjr 
d(‘g C. for the range 0° to 100° C\ 

The tensile strength for hot rolled rods or jdates is 18*7 iu 21*5 
tons per sq. in. with corresponding yield points of 11*5 and 14*2 tons 
]K‘r sq. in. The percentage elongation is 24 to 28 ])er ccmt ^oid redn<‘fion 
ol area 65 to 75 per cent. 

The Brinell hardness is 85 to 100. 

The dead soft variety of Armco iron has a ti'iisile strc'iigth of about 
17 tons |XT sq. in. and Brinell hardness of 67. 

Applimtiom. Owing to its purity and freedom from included 
(ompounds this type of iron has good corrosion-resisting qualities and 
It is therefore us(*d in the sheet form for exposed parts on buildings, 
tanks, hoarding plates, signs, etc. 

On account of its purit y Armco iron has excellent \^(‘lding projKjrties 
and is therefore used for w(*Iding rods in connection with electric and 
o\y-aeetylene welding ojHTations. 

The joints thus obtained, when suitable flinxes are used, are sound 
and homogeneous. 

Sheets of Armco iron are much employed for vitreous (‘uainc^lled 
ware, silica the metal is singularly free from surfa(*o defei’ts that might 
otherwise affect the enamel. 

On account of its ductility it is w<dl suited to cold ])resH and sheet 
nu'tal deep-drawing operations, and is emj)loye(i for y)artH such as 
hatlis, }X)t8, refrigerator it<uns, etc., whi(‘h are afterwards enamelled; 
it can also be spun with ease. 

The metal has a high magnetic j permeability and low retentivity 
and is employed for armature core stampings, solenoid plungers, and 
other parts of electrical apparatus requiring such qualities. 

Machining Armco Iron 

Owing to the toughness and ductility of this metiil it is necessary 
to provide cutting tools with rather different cutting and clearance 
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angles tiian for steels. The front clearance angle for turning and planing 
tools should be 15'' to 20' , the side clearance, 12” to 15”. 

Drills int<‘nd(‘(l for Armco iron should have a slightly increased 
clearance angle with the usual 118 ])oint angle*, but vith 15” clearan(*e 
angle as (ioinpared with 10 for iron or mild steel. The helix angle 
should also 1 m* increased, tlu* best results being obtained when the 
metal < ijts into a continuous spiral instead of breaking into chips. 

Heating Processes 

Armco iron is ann(‘uled by heating to a little above the upjxii* 
critical or Ar. 3 t<*mperat un* for this iron, namely, SOU ’ (\, and allowing 
it to cool slowly. 

For hot forging ]»iirposes it is im]K>rtant to heat tlu* metal to a 
white heat, corresponding to about 1050 (\, since it is not workable 
over the range 840' to 1040” (\, the latUT corres]>onding to a bright 
orange (iolour. 

Arrneo iron can he brazed and sold<Ted without any ditliculty In 
the well-established im'thods. 


Properties of Extremely Pure Iron 

Although the irons pre\iouhl\ (l(‘scribcd attam a relati\el\ high 
ilegree of purity it is not possible, commercially, to product* c\lrcmcl\ 
pun* iron, i.t*. inui with less than 0-01 jier cent impurities, so that the 
physical and mechanical pro^HTtics giM*n for the c»>imntToial irons do 
not represent tho.se of the very jiure metal. 

In this eonneetioii te.sts havt* lM‘<*n made on an iron having 0tdl3 
}R»r cent total impurities h> F. Adcock and (’. A. Bristow,* the n*sults 
of which arc given herewith — 


Density at ly (\ 7 S71 i 0 0U2 p»'r c.c. 

t AH'llicu'nl of i'\p(iiibion at 25 V'., lO S X lU 


'Pet iiponit lire rango. 

*leg. C 
0-100 
0-150 
0-200 
0-250 

KU'ctneal ri"sivti\it^ at 20 (’ 
Ci>Iil n'»lkHl an«l aniH'ultsl ^ptM i- 
iru'Hd 

Tomporatuu' ovieUu u-ut , 
Thcniial eotuiurtiv U\ 

At 25M' . 

At ItM) r 

At 150 C' 


roolUi icut of expaUrtioii 
por (Icj?. (\ 

11- 2 i 0’5 N 10 
Ms 1 0-5 

12- 0 1:0 2 
12 4 i 0 2 


l> s8 luul y 84 niK rohtn/cin. 
8 8 t 0-0.1 U - UOOOOtW- 

0-lsy oal. riu. m*<‘. (\ 

0 170 
0 107 


* Prttr. SfM*., Vt>l. I,"*:!. I)<a tMulx'r. 10*15. 
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Critical temperatures — 

Ram go 

Ac. 3 . . . 924-950 

Ar. 3 . . . 917-905 


Moan 
937 '’ (\ 

91 rc. 


Magnetic properties — 

Koinanence, Br S700 Cqusm 

Coorcivjty, He 0-271 (VinIoO 

Maximum permeability 14,300 at H - (1-5 Oo. 


Hardness — 


Cold worked ami annealed two horn's at 950 '* C\ 

Brmell . . . 2 mm./2() kg./.‘10 se<‘. . 49 i I 

Diamond pyramid . 1307lt> kg /3() sec. . 4S d. 9 


Tensile strength — 

Limit of proportionality, tons 

per aq. m. . . . 2-0 

Ultimate stress, tons per sq, in. 1 1-9 
Elongation, per cent 

(/ = 4 Vo] ... 49 

Reduction of area, per eent . 100 

Modulus of elasticity, lb. pi'r 

sq. in. .... 29-7 a 10® 


2*4 

91 


3(5 
I 10 

2S-0 X 10® 


The Ferrous Metal Range 

Apart from the crude cast or pig irons and tlie jiuror forms of irons 
previously described, the otlier iron alloys derived jirineijially from the 
])ig irons include the refined east irons, carbon and alloy sletds, and the 
nialJ(‘able irons. These are obtained from the pig iron hy various 
t net hods of reheating and treatment. 

It is not possible, oning to hpa(*e limifations, to dc'al with the 
MKdallurgical asi)ect of the subject, but a gentTul idea of the processes 
employed in the manufacture of steels and irons from th(‘ original iron 
ore may be obtained by refen*rtce to Fig. 4. It will b(‘ observed from 
this diagram tliat there are two princijial ]>roi*(‘ss(‘s of dwiling with 
the blast fuma(‘e product, namely, n melting processes, in order to 
prcKluce cast and malleable irons, and cernversion oni‘s for obtaining 
the wrought iron and steels. 

The ferrous products thus obtained may conveniently lie classified 
as follows, namely — 

Wrovght Iron, containing less than about 0*15 jkt cent carbon, 
which does not harden when heated and quenched. 

Cast Iron, a non-malleable iron containing carbon in the combined 
or graphitic form, usually from alx)ut 3*0 to 4*0 (total), which does not 
respond appreciably to heating and quen(‘hing in the hardening sense. 

consisting of iron with 0*15 to 1*6 jht cent of carbon, which 
is malleable in one range of temperature and is capable of hardening 
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by heating and quenching; the hardness thus obtained increases with 
the percentage of carbon in the steel. 

It is generally fabricated by hot forging processes, but certain 
grades of steel can be oast in moulds. 



CAST STEEL 


KkJ 4 THK PRINOIPAL pHoc IJ'iSFS IV MakINC* 

Stkki.s ani> Irons 
I 

Alloy Cast Irons 

Although the cast irons pr<‘viously mciitKmed contain binall 
j)ereentageH of other constituents such as silicon, manganese, phos- 
phorus, and sulphur as the result of the methods of })rod\iction, it is 
usual to considtT these as plain east irons in order to (bstinguish them 
from the more* ret*ently devclojx'd high-strength alloy east irons con- 
taining addititaial metals and elements, e g. nickel and chroinium 

Alloy Steds 

The plain carbon stetds hitherto considered also contain small 
percentages of other elements and metals as in the ciixse of cast iron, 
but the carbon forma the predominating element. 

Whilst thesis carbon steels are still widely used on account of their 
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general utility for ordinary purposes and their eheapiu'ss, theo^ is now 
a wide range of special alloy steels having 8uj)erior stmigth, hardneas, 
heat-resistance and other qualities which have largely replacetl the 
carbon steels in high-grade engineering work, e.g. automobile, aircraft, 
and electrical applications. 

Malleable Iron 

This is a malleable product which is obtained from cast iron by a 
pioccss of reducing or eliminating part of the carbon of tlie latter so 
<is to give a low-carbon steel or iron composition. 



CHAPTER II 

THE STRUCTURE OF FERROUS METALS 

A (leal may loanii about various motals and alloys by the 

method of examininj< ])repareHl Hpecimens throucfh the inicroscoj)e. 
In this way the fitruotures of metals may be studied and information 
obtained ro^ardinj^ the different kinds of struct iires, the arrangement 
<»f the various const it muits, tluur relationship to the mechanical 
])ro|)erties of the metals, etc. 

The effects of heat and mechanical treat nauit upon the constitution 
of metals, <lefe<ts in metals due to incorrect heat -treatment, to 
inclusions of loreign matter, overstrain, and many other causes can 
(umveniently Ixi studies! by th(‘ photomi<Tographic method mentioned 
above. 

Another application of this method is in connection with the 
effects u|)on tlu* structure of varying the proportions of given con- 
stituents in a ni(‘tal (or alloy) in association, also, with the physical 
profK^rties of the metal. 

It is only possible, here, to give a bare outline of the photomicro- 
graphic method in so far as it affects the later references to metallic 
constituents and th(*ir arrangeimujts in various ferrous materials, heat 
and ine(Iiani('al treatments, eti . 

In connection with tlu* examination of rmdals which liave failed, 
mechani(’ally, in use, the structures of these metals near to the place 
of failure afford valuabh* information on the (*auso of the latter. 

It is often ustful to make a preliminary visual examination w'ith 
the aid of an ordinary poek(‘t lens, in order to trace zonal lineji^jlaees 
of growth of the fracture, slipping or relative sliding, and to deWmine 
whether the fraet\in» is <*oarse or tinely crystalline. 

The sjveeimens, which slmuld measure about 1 in. stjuare and J in. 
thick, an> usually eiit in tw'o directions mutually at right angles, and 
are |K)lish(Hl in a .series of progressive oi)erations, commencing with a 
file, or by initial Hat grinding, followed by coarse emery paper, smoother 
emery, and so on, down till the tinest (XXX) pajier is reached ; the next 
stage cf tine jxdishing is then usually foUowtHl with the aid of a w^heel 
eoveri'd with two layers of thick khaki cloth, with a layer of diamantinc 
or similar {X)lishing powder lietwt'cn, using a securing ring to hold the 
layers t/Ogether. The sjKH'iiiien is then held against and moved across 
the wetted surfatv <f the cloth whilst the wheel rotates at about 

in 
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](HK»r.p.m.; the pressure upon the speduieu is gradually reduml 
until a satisfactory polish is obtained. Hard metals are more easy to 
l>ohHh than soft metals; the latter are sometimes east ii|K)n ghiss or 
mi< a sheets, instead of j>olishing. S|H^eial fK)Iwliiiig maohiiies are now 
a\ tillable, although hand jxilishing, if done properly, gives excellent 
results. 

The sjMH'iinens can now Ix' examined dire(*tl\ under a mieroseopo 
with objectives giving a series of magnitieations from about 20 up to 
2<HH) diamet/ers, for the detection of impurities such as slag, pirosities, 
Milfihides, <‘tc. 

Kor the examination of the eonstit utum of the metal it is neivs^Miry 
to (‘inploy s}>ecial etching reai^enta, each dojiending upon the nature 
of the constituent it is requhed to investigate. 

Th(‘ principle of moat ol these reagents is that they act as solvents, 
it tacking certain of the constituents of the nuTal more readily than 
ot},(‘rs, or tliat they refuse to attack one or more of the const it uents, 
thus leaving these in “relief,” or that they dissolve away the joints 
lietween adjacent grains or crystals. In some cases the reagent colours 
OIK* of the constituents differently from the others. 

I'he (‘telling r(‘agents of the sctlvent tyjx* empl()y(‘d iiu’ludo nitric 
aiiil, huljihuric acid, hydnaddoric acid, alcohol solutions, ammonia, 
Mxhuiu li\ (Irate, etc. 

Thus, the structure of fx'arlite in Hto(‘] may b(^ develofied by 
U'^ing an etclimg r(‘ag(*nt of 5 |K*r mit picru* acid in aleoliol , whilst 
th< difference between brittle <ind non-hrittle .sUh‘Is can be readily 
d( tected by u^ing a 4 jK‘r (‘cnt solution ol nitric* acid in iso-umyl- 
alcohol.* 

Another method of preparing polished sjK'cimens is known as the 
attack one, and (‘onsists in polishing upon a ]>ie()e of wet 
]>archment, ludd on a ])iece of wo(»d, and moist(‘ned with a 2 jier cent 
-oiutiii of ammonium nitrate, preeif)itat/(‘d (*halk is also used t/O 
f a( lilt ate the polishing process. An aqueous (sxtract of liquorice root 
has lH‘en employed for tlu* polish attack method and has bcxui success- 
tully applied to the examination of steels tor cement ite, pearlite, 
'^orhite, martensit€‘, etc. 

The method of his-rdief polishing consists in polishing upon a 
"oft ground, su(‘h as k‘ather, cloth, or rouged parchment, so that the 
softer constituents wear away and the harder (mos stand out, pohshed 
m relief. This method yields gornl n'sults in the detection of trogyittite, 
martensite, and pearjita. 

* F'f>r ftillcT partnulaiv <>1 \anoim etching solutifujs and n»etho<lB, nm The 
M iCToncopic Anahfmx of Met-aJs, hy K Osmond and J. K. Stea<l. 
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Another method, known as heat-tinting^ depends upon the fact 
that the different e^mstituents when heated become differently tinted 
or coloun^l. the more oxidizable ones being coloured by the oxide 
tints. Tliis nu*thod has In^en largely used b}’^ Stead, and is employed for 
d(‘tecting tlu* pr(*Hence of sulphur and phosphorus in irons and steels. 

Constitution of Ferrous Metals 

The results of microseopieal examination and chemical analysis 
have shown that most metals have a constitution resembling the 
igneous and metarnorpliie rocks (which, like most metals, have been 
fornuHl from th(* cooling of moltem masses), consisting of an aggrega- 
tion of minute crystallim' fragments or particles of two or more 
elements or substances; each parti(‘le has a definite entity, chemical 
comi)osition, and physic.il projwTties; further, there are different 
structure arrangements in different metals, corresponding, in the case 
of rocks, to the granitic*, obsidian, schistose, and other types. 

It has also Ix^on conclusively demonstrated that the constituents 
of metals and alloys l)ehave in a similar manner to those of liquid 
solutions; for example, stec*! containing less than 0*9 peT cent of 
carbon, and at a t(‘mp<‘ratur(* ex<*eeding 700^ C., is a homogeneous 
solid solution of iron carbide (Fe^O), known as (\^mentite, in an allo- 
tropi<' form of iron When this solution is slowly (*ooled down it 
do^Kisits pure iron, until at a certain temperature -namely, at about 
\ —it solidities into an “eutectic*' or metalli(* mixture havmg a 
(lefinile composition If the original molten steel had consisted of 
more than 0*9 ]kt (’ont of <‘arhon the iron carbide would liave solidified 
first, as cooling oecurred, and at (>70 (* the “mother liquor,” or pure 
iron, would hav<^ s(»liditi(Hl. The result ing mixture would then hav(* 
yK>sseHsed a ditferent constitution. 

Definitions of Constituents 

It here becom(\s nee(\ssarv to define the different microscopic con- 
stituents of irons and stei^ls which commonly occur. These may b<‘ 
classified into six ])ruK*i]>{il ty]K*s and others of lesj^or importance. The 
former Serit*s consists of. (a) Ferrite, (b) Cementit-e, (r) Pearlite, 
(d) Martensite, (c) Austenite, (/) Troostite. Other constituents, 
including Hanlenite and Sorbite, h«\ve also been found. 

The other constituents comprise the thive allotropie forms of nearly 
pure iron, grapliitc, and slag. 

(a) fterite is the name given to what is probably pure iron grains 
or cr^Titals, which are very soft and ductile. These crystals are chiefly 
fragments of cubical crystals which develop around independent 
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cent/Tes of soKdification, and are mutually limited )>> roughly plane 
mirfaoes. Low-carbon steels and wrought iron consist (*hiefly of fomte. 

Ferrite does not harden when cooled rapidly. It forms smaller 
crystals when cooled from a bright red heat at a rapid raU'. 

Fig, 5 shows the ferrite grains in carbonless iron, the dark spots 
iK'ing slag impurities. 

(b) Cementite. This is a definite carbide of iron iFe^C') whidi is 
extremely hard, being harder than ordinary hardened st<'el or glass 



Imc; .0 Ni AKLY PirKB 7noN% snowiso I’muirr xnd Sj \u 
I N( 11 SIGNS (I)AHK Patches). lOO 

It is considered to be a.s hard as felspar (No. 0 on Mob s scale ot hard- 
ta s,,) This hardness jiropcTty enables cement it to b(‘ rciulily detected 
and isolated by bas-relief jiolishing 

(^‘mentit-e increases generally with the jinijKirtion of carbon 
present, and the hardness and also the brittleness ot (.ist iron is 
iK*lieved to be due to this substaiuc* 

(Vmentite is magnetic bc*low 205 (' Its presemeo in iron or st(»el 
de( rCcWW's the tensile strength but iiier<*ascs the liardness <ind cutting 
'juahties. 

(c) Fearlite is the name given to a mixtun' of aliout H7-5 jst cent 
Icmte and 12-5 per cent c^mentite, which o(‘curs more particularly in 
medium and in low-carbon steels in the form of fine lamellai^, which 
arc usually curved and in terst ratified with those of ferrite. This 
mixture derives its name from the fact that it shows, with oblique 
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lighting, under th( niKros(()])e the rainbow colours of the mother-of- 
pearl when the etdiing or indishing process has removed part of the 
surrounding softer ferrite 
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It has been found that the proportion of }>earlite intToases from 
nothing in the ciise of pure carbonless iron \ip to I (HI jkt (vnt, or 
saturation, for steel containing 0*90 |>cr ivnt of carbon as ^ho^vn in 



FlU. S Sn.KT. ('OM'VIMNO 0 1) I*Mt <IM CvlMiON l‘|{ \< 1 ICMM ^ 

Ara T*i MO 1 n tOO 

Fil' thus a 0*3 ixT cent carbon st(*el \\ill consist ol about 83 jkt 
< en( p(‘arlite, and the rest ferrite. Tal)lc I shows the relative ])ro- 



K[(} a riMciiji too 

{K>rtion8 of pearlit/^ and ferrite in carbon steels. It is <‘baraeUTisti<‘ of 
soft Ht>ee]s that they (ontain ferrite and y>earlite, and that the hard- 
ness increases with the 7 >roj)ortion of pearlite. 

Hard steels are mixtures of pearlite and cement ite. 

In all cementation steels and steels efK)If*d very slowly the ocmentite 
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aggregates in particles of the largest size, ami is therefore more readily 
discernihle. 

TABLE 1 


'i'HK PitOPORTiONS OF PeARLITE AND FeRRITE IN 

Carbon Steels 


Carl>on j 

i 

Pearl 

Ferrite 

Carbon 

Pearlite 

1 

Ferrite 

1 

Per coni i 

Per cent 

Per cent 

Per cent 

Per cent 

Per cent 

O'OO 


100 

0*50 

55*55 I 

44*45/' 

o-or» 1 

1 5*55 ! 

94*45 

0*55 

61*11 i 

38^*89 

OIO 

11*11 

88*89 

0*60 

66*67 i 

33*33 

oir> 

1()*0() 

83*34 

0*65 

72*22 i 

27*78 - 

0*20 

22*22 

77*78 

0*70 

77*77 ! 

22*23 

0-25 

/27*77 

72 23 

0*75 

83*34 1 

16*61 

u:io 

1 ;i;P33 

(m*f)7 

6*80 

88*89 . 1 

11*11 

035 

/ 38*HH 

(n \2 

0*85 

94*45 1 

5*55 

0*4(1 

44*41 

rtCi-m 

0*90 

100 ! 

0 

o*4r» 

j 40*09 

i ^ 

.V)*0l 


i 



Fig. !()♦ illustrates the constitution of iron-carbon compounds; 
the ordinates of the shaded portion ABC represent the amounts of 
|:)earlitc present for ejieh percentage of carbon. For steels containing less 



than per (ent of carbon, or “ hyjK)-eutectic ” steel, the CH)m[)ositiOn 
of anv sUvl containing carl)on,as represented by the abscissa of the ordi- 
nate 11 1) E, consists of f)earlite proportional io HD, and ferrite to DE, 
Similarly, for luml steels the composition represented by the 
ordinate KGF consist^} of KG pearlite, and oementite. 

• Sttuvenr. 
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{d) Martensite. This ib tht chief coiistitm nt of luidiiud ^^ctl and 
lb a hard battle mass of fibrous or needle like stnu ture wlu ii ( \amine<l 
under ^ertloal light after poll h attacking, and willi high inagiiifKation 
(iisuall> 1 000 (ham ) It consists of iron c out lining ( ulxm \ai\ing 
in ])io|>ortions up to about 2 cent, but hitluito it has not 
betn i>ossible to resohe it b\ the luurosiojxj into its loinponentH 
WIkii this * sohd solution*^ of iron and larbon lontains 0 jK»r cent 



Fi< 11 ilAUDJVFi) Air HAiiDENivo Suit I uiinn 


of carbon it is termed HardeniU iiid it u>rr( sponds m conijMisition 
to that of pearlite or martensite saturated ^ith carbon 

Martensite* differs from austenite it) Ixnng magnet n It is n(»t as 
tough as austc*nite 

It has been foiiiid that inaitcnsitT is piodudd h> flic rapid 
quuuhing of high-carbon shcl fiom a shghtJ} higher tejufieiature 
tliui the maximum teinjicraturc of the critical interval 

Martensite is found iii the carboni/cd legiona of ease- hardc tied 
^oft steels, hardened by quenching, but with the iouer proportions 
of carbon the needles are longer and more dchnite Fig 11 shows the 
martensitic character of hardened air harden(*d sic < 1 

(6) Aostemte* another constituent of stec 1, forms win n c whori stcx^l 
v'lth more than 1 1 per c^ent carbon is quenched raimlly from about 
1000^ 0. It consists of a solid solution of femte and cc‘rnentite in each 
ot her 

It IS hard and non-magnetu , but is not battle The amount of 
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Fio 13. Austenitbj and Hauddniti. in 1 57 per cent Carbon 
Steel. Polish Attack, x 800 





THE STBUCTUBB OF FERROUS METALS 


25 


austenite increases with the proportion of carbon from 0 at !•! jw 
cent carbon up to 70 per cent for 1-6 to 1-8 per cent carbon. 

Certain elements such as manganese and chromium in steel preserve 
all or some of the austenite down 
toO^C. 

Austenitic steels cannot be 

hardened by the usual heat- i 

treatment methods and are non- / ^ 

magnetic. ; ^ 

(/) Troostite is another con- ^ 

stituent of steel obtained by ^ ^ 

quenching during the critical "f 

interval or transformation period . | 

It occiu*s as a slightly granular, 
somewhat amorphous, mamil- C 

Jated structure and is rather less ^ 

hard and brittle than martensite 

In steel quenched as previously Jug U Austi^nitc x 2()0 
stated it replaces the ferrite. 

Troostite may also be formed by cooling the steel r»ipidly to form 

martensite and then tempering it to produce the troostile constituent. 



Fia. 16. Quenched Cakbon SrEnri, showing 13ackgkoijni> of Noljjj 
Solution with Commencement of J)i c omposipion shown 
BY THE Black Patches oi Tiioostite 

It is also produced by cooling slowly mitil th(‘ transformation begins and 
then coohng rapidly to prevent its completion. It may be regarded asla 
stage in the transformation of austenite. The presence of troostite ih 
quenched high-carbon steel is shown by the black pat( lies, as in Fig. 15. 
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(g) Sorbite represents the product of a further stage, after troostite, 
in the transformation of martensite. It has good strength properties 
and is practically pearlitic. Sorbite is produced when steel is cooled 
at a fairly rapid rate from the temperature of solid solution to normal 
air temperature, 

feme Other Constituents 

y There are at least throe? allot ropic niodific'iitions in the case of pure 
iron — ^namely, a-iron, ^-iron, and y-iron, each of which has a corre- 
sponding temjKTature range between the Ar. 1, Ar. 2, and Ar. 3 arrest 
temperatures, shown in Fig. 16. 

a-iron is the weak, ductile, magnetic variety, stable only b^low the 
Ar. 2 point (Fig. 16), and is characteristic of ordinary wrought iron and 
low-carbon steel. 

j3-iron is the non-magnotic kind, and is Ix'lieved to be very hard and 
brittle, and is probably characteristic of certain self-hardening steels, 
such as the 7 per cent manganese steel, and of normal carbon steel 
which has been hardened by sudden cooling. It is stable between the 
At. 2 and Ar. 3 points. 

y-iron is also of the non-magnetic variety, and probably very hard, 
but ductil(‘ ; it» is characteristic of the 25 per cent nickel and 12 per 
cent manganese steels, and is stable only below the Ar. 3 point. 

Ghraphite is a component of grey cast iron, being present in very thin 
flakes or laminated plates in the proportion of from 2*5 to 3-6 per cent. 
When such cast iron is fractured the ' ‘ break occurs through the 
skeleton graphite plates; and the fracture therefore appears to bo 
almost entirely graphitic. 

Slag, Tliis impurity of furnace origin is found only in the case pf 
wrought iron, to the extent of about 0*2 to 2 per cent, as silicate of iron. 
It gives the “grain’' effect in the rolling process, and can be readily 
detected as irregular dark blotches or patches in microscopic analyses. 

Hardnesses ot Steel Constituents. The relative hardness of the 
constituents of carbon steels and irons has been investigated by 
Boynton, who gives the values in Table 2. 

The tensile strength of t)earlite itself has been shown by Professor 
Dal by to be about 62 tons per sq. in., and it has also been found that 
the tensile strength of a pearlitic steel is proportional to the sum of 
the pearlite tensile strength and the ferrite or iron tensile strength. 

This relation may be conveniently expressed in the following form, 
namely — 


ft /»> • JOO + /<• 100 



THE STRUOTUEK OF FERROUS METALS 2^ 


TABLE 2 

Hardnesses of Steel Constituents 


Constituent 

Product in which it is present 

Kelative 

Hardness 

Ferrite 

Electrolytic iron and commercial wrought 
irons ....... 

1 to 3*6 

Pearlite . { 

Senes 0*13 to 1*62 carbon steel 

1-8 to 10-3 

Series 0*35 to 0*86 carbon steel . 

3*8 to 4-2 

Sorbite . . ! 

Series 0*48 to 0*68 carbon steel . 

6-2 to 63*6 

Troostito . 

Steel with 0-58 per cent carbon . 

88-2 

MartenBite 

Series 0*2 to 1*62 per cent carbon 

38-9 to 261*6 

Aust('riite 

White east iron with 3'24 per cent carbon 

103*4 

Cement itc . j 

Ditto. Ditto. 

272*8 


ft is the tensile strength of the pearlitic steel, ancl/p aiid/< the 
tensile strengths of the pearlite and ferrite (or iron) respectively, and 
P and I are the percentages of pearhte and iron present respectively. 

Substituting the values of 62 and 19 tons per sq. in.* respectively, 
the above expression simplifies to — 

f^ = 0*62 P + 0’19 1 tons per sq, in. 

Expressed in terms of the carbon content (7, jP — 1 1 M C and 
I = (100 -- IIM C), so that =- 48 C + 19 tons per sq. in. 

These results apply only to the normal carbon steels in the 
annealed state. 

Thennal Indications of Internal Changes in Metals 

When a metal or alloy is heated progressively from atmospheric 
temperature up to the melting-point, certain changes in the internal 
conation of the metal occur at certain definite temperatures, corre- 
sponding to allotropic, isomeric, or solution changes, which are evident 
as heat absorptions or “arrests” on the temperature-time curve. 

There are two types of changes which occur in the structure when 
the temperature varies at a uniform rate — ^namely, continuous and 
critical changes; the latter correspond to a sudden modification in 
the normal condition between a certain property and temperature. 
On temperature-time heating and cooling curves such changes are 
represented by discontinuity or the intersection of two branches of 
the curve. 

The temperature scale is divided into a number of intervals by 
these critical changes, each interval corresponding to some internal 
Journal Iron and JSteel InstUutc^ 1906, p. 287. 


^ a^-(T.5303) 
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change in the constituents; each metal must experience at least two 
such changes — ^namely, those corresponding to fusion and volatiliza- 
tion — but in many instances, such as in the cases of iron, steel, and 
non-ferrous alloySi other intermediate points of transformation occur. 

These thermal changes are valuable indications of the raicrographic 
structural arrangements. 



Pure Iron Carves 

When practically pure iron is left to cool from the molten state, 
and the temperatures are plotted as ordinates at equal intervals of 
time — say every ten seconds — ^the cooling curve obtained will be found 
to resemble that shown in Fig. 16.* It will be seen that there is one 
critical point at about 1530° C. corresponding to solidification. 

* Osmond, The Microacoptc Analysis of Metals, 
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The first “arrest,” known as Ar. 3 point, occurs at about 
860® C., tod represents an allotropic transformation, whilst the Ar. 2 
point, which occurs at about 750® C., marks another allotropic trans- 
formation or change in the material, accompanied by a change, with 
further cooling, from the non-magnetic to the magnetic condition ; at 
each of the arrest points evolutions of heat occur, which corresj)on(l 
to a yielding up of energy. The next arrest (hot shown in Fig. 16), 
known as the Ar. 1 point, occurs at about 690® C. 

The above example is somewhat analogous to the case of water 
solidifying into ice and yielding up its latent heat of “fusion’' in the 
process. 

The effect of the presence of any impurities, even in a \ery small 
quantity, is to lower (and often to smooth out) tlu arrest iioints; for 
example, these points are invariably lower for iron coiilaiiiing c«*rbon 
than for pure iron. 

Bodies which are mixtures of several constituents will have 8c\eral 
solidification points, each corresponding, as a rule, I j one of the 
constituents. The inset diagram in Fig. 16 shows the two solidification 
points for spiegeleisen, which is an iron containing about 20 per cent 
of manganese, at 1085® C. and 1050® C. respectively. 

When iron is slowly heated right up to its fusion point, «ibsorptions 
instead of evolutions of heat occur at the critical points, the latter, 
however, occur at rather higher temperatures (usually from about 
40® to 60° higher) than the arrest points obtained by cooling. 

The Critical Points in Steel 

The term “critical point” is employed to denote tht‘ temperature 
at which a change in the microstructure and physical properties 
of a metal occurs during heating or cooling. The critical points are 
determined by sensitive and accurate pyrometers. 

When carbon steels are allowed to cool very slowly from a high 
temperature several critical or “arrest” points are observed, corre- 
sponding to evolutions of heat which indicate a change* of constitution ; 
thus there is one condition of the metal above, which gives j>lace te> 
a different phase below, this temperature. The change of phase that 
occurs is always accompanied by an alteration of jihysical properties, 
e.g. structure, density, hardness, etc. 

A typical cooling curve for steel is shown in Fig. 17 (A). The first 
arrest corresponds to the beginning of the formation of a new con- 
stituent ; the change of slope of the curve on further cooling denotes 
that more of this new constituent is being thrown out of the solid 
solution which exists in the range above the first critical jxjint. 
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The second arrest is more marked and is particularly noticeable as 
the carbon content is increased ; it corresponds with the formation of 
pearlite. The recalescence efifeet of this change point can be observed 



visually when a rod of high-carbon steel is allowed to cool from a 
bright yellow heat in a darkened room. When the rod appears almost 
to have lost its red colour it suddenly commences to glow again^ due 
to the evolution of latent heat producing a rise in temperature ; there- 
after, cooling occurs progressively. 

On lieating a steel the reverse of these effects occurs, heat being 
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absorbed to complete the solution of the constituents ; this is evident 
as a lag in the heating curve. 

A more accurate method of observing the critical points is to plot 
tlie heating and cooling curves in terms of the time taken per degree 
rise or fall of temperature ; this is known as the Inverse Rate method. 
It shows the initial, maximum, and final points of the change in greater 
detail. Fig. 17 (B) shows typical inverse rate heating and cooling curves 
for a 0*45 per cent carbon steel. It will be seen that there is a difference 
of about 50° 0. between the recalescence point on the cooling curve 
and the reverse or decalescence (heat absorption) point on the heating 
ciurve. This indicates that once the critical temperature has been 
exceeded on heating the reverse change does not begin until the temper- 
ature falls some 50° C. A deduction from these results is that for heat- 
treatment processes it is of the greatest importance that the temperatures 
used should be in excess of the heating curve critical points. 

It should here be mentioned that the heating curve arrest points, 
denoted by the letters Ac, are distinguished from the (iilferent cooling 
curve ones by using the letters Ar for the latter. 

When the criticjal points obtained in a series of iron -carbon alloys 
are interconnected the equilibrium diagram is obtained; the lines on 
these confine areas of definite metallographic and physico-chemical 
constitution so that by reference to such a diagram the constitution 
of any steel at any given temperature can be ascertained. For all 
carbon contents the same change takes place on heating or cooling 
past a given line on the equilibrium or liquidus-solidus diagram; 
the only difference is the temperature at which the change occurs, 
this varying with the constitution. 

Fig. 18* shows the heating and cooling curves for iron and the 
various steels mentioned in the caption below. The full lines denote 
the cooling and the dotted lines the heating curves. 

The heating and cooling curves for mild steel and stainless iron and 
steelsf are given in Fig. 19 for the purposes of comparison. 

The martensitic steels shown in (1) and (2) have weU-marked 
carbide change or arrest points, a fact that indicates the necessity for 
using high hardening temperatures to obtain the desired structures. 

The S.80 stainless steel (4) has rather indeterminate change points, 
whilst in the austenitic steels (5) and (6) there are no critical points, 
so that the austenitic or ‘‘sohd solution** character of these steels 
occurs at all temi)eratures from those shown in Fig. 19 down to normal 
air temperature. 

* From Dr. Hatfield’s “Steels used in Aero Work,” Aeron. Joum», 1917. 

t Firth -Vickers Ltd. 
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In the example shown in curve By Fig. 18, for ease-hardening 
carbon steel, when the temperature is a little over 700” C., the pearlite 
constituent is changed into a homogeneous substance, which is a solid 
.solution of iron carbide. This critical change is accompanied by an 
absorption of heat which is evident upon the temperature curve By 
as an arrest point, and which is not shown upon the pure iron curve A . 

The magnetic change point still occurs at the same temperature — 
namely, at about. 770” C. — ^but the allotropicj change point., Ac. 3, 
occurs at a much lower temperature. 

In the case of the 0*6 per cent carbon steel, the temperature curves 
(Cy Fig. 18) show that the upper critical points have been lowered, 
and are apparently joined up with the carbon change points at about 
730" C. 

In this steel the major portion — ^namely, two-thirds — (consists of 
the constituent pearlite, and hence it would be expected that the 
corresponding critical points to those of pure iron wouM be lowered 
(in temperature) and would be mon^ marked ; curve C sliows that this 
is the case. 

The heat absorption, corres}X)nding to solution during heating, 
occurs at 730” C., whilst the evolution of heat during cooling, which 
is associated with the solidif 3 dng of t he ferric carbide solution, takes 
])lace at about 700" C. 

Referring to curve G, Fig. 18, it will be seen that no criti(;al points 
occur during cooling, or heating, over the usual range of working 
temperatures; it is for this reason that the 25 per cent nickel steel 
alloy is non -magnetic, its condition (jorrespondirig to the solid solution 
state. 

Similarly, in the case of 12 to 14 x)er cent manganese steel, if heated 
up from the untempered state, and cooled sufficiently quickly, it 
retains the “solid” state and shows no critical points. In the tempered 
state an arrest point is, however, evident, as shown in curve //, Fig. 18, 
in the neighbourhood of the carbon change point ; the cooling curve 
will not, of course, reveal any corresponding critical point. When this 
type of steel is cooled sufficiently rapidly it is found to be non-magnetic. 

Solidification Curves 

It has already been stated that metals under varying temperature 
conditions behave in a somewhat similar manner to liquid solutions; 
this resemblance will here be considered more fully. 

When a solution of salt and water is progressively lowered in tem- 
perature it will be found to begin to freeze at a lower temperature than 
that of water alone. If a number of such solutions containing different 
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proportions of salt and water be taken, and their initial freezing-points 
be plotted against their percentage compositions, curves similar to 
ME and E'N (Fig. 20) will be obtained. 

Consider any solution, such as represented by PQE, containing 90 
per cent of water and 10 per cent salt. When the temperature reaches 
the value denoted by P — ^namely, -- 9° C. — ^the solution begins to 
freeze, and in consequence of the ice separating out first the remaining 
liquor becomes richer in salt, thereby causing a lowering of its freezing- 
point along the line PP, ice separating out the whole time, until at 
— 22® C., the “mother-liquor” remaining, which consists of about 23*5 
per cent of salt, freezes bodily. Similarly, if a solution containing more 
than 23*5 per cent of salt, as represented by the point P^, be cooled, 
salt will separate out when its temperature reaches the value repre- 
sented by P^, and will continue to separate out along WP, causing 
the remaining liquor to become progressively weaker in salt, until, as 
before, at — 22® C. the remaining solution will solidify bodily without 
further separation. 

Similar phenomena occur in the case of alloys such as the ferrous 
and non-ferrous ones when cooled from the fusion point. 

Iron-caxbon Equilibrium Diagram 

The iron-carbon equilibrium diagram is shown in Fig. 21 for 
steels up to 1*2 per cent carbon. Above the lines Ac. 3, Ac. 3. 2 and 
Ac. cm. martensite exists. 

When 0*2 per cent carbon steel is heated to just above 850® (X, 
i.e. above the Ac. 3 point, and quenched, the ferrite and pearlite of 
the original annealed steel give place to the hard needle-structure 
constituent martensite. In general the microstructure of any particular 
point on the equilibrium diagram can be preserved by rapid cooling 
from that point, as by quenching in cold water. 

Slow cooling of 0-2 per cent carbon steel, corresponding to annealing, 
gives a microstructure consisting of ferrite and pearlite. 

If the 0*2 jK‘r cent carbon steel is heated to 850° C. and allowed to 
cool slowly to 800® C., a temperature below the Ar. 3 line on the dotted 
cooling curve (Fig. 21), and then quenched, the microstructure is one 
of crystals of ferrite in martensite background. If quenched from a 
temperature of 710° C., i.e. just above the Ar. 1 line, the ferrite crystals 
are much more numerous, being almost completely separated out, 
but the background is still martensite which has become saturated 
with the dissolved carbide. At the Ar. 1 point the martensite solid 
solution always contains 0*9 per cent carbon, which corresponds to 
the maximum it can hold at this temperature. 
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As the percentage of carbon increases from 0 to 0*9 per umt the 
needles of martensite become smaller and less distinct and the hard- 
ness and t(‘nsile strength increase on quenching. 

It has b(»en sho\\ii that the constitution or microstructure of the 
0*2 per cent carbon ste(‘l is governed by the quenching temperature, 
but below the Ar. I point (about 695^ C. in P"ig. 21) there is no alter- 
ation due to quenching, so that the normal fen ite-pearlite structure 
of annealed st(‘el is maintained. 

Similar changes occur in all steels containing less than 0-9 per 
cent carbon, but as tlie carbon content increases the temperature at 
uhieh the ferrite is first thrown out of solution is progressively lowered. 
An important dedindion from these results is that the temperatvre 
uq aired to hrin/f abovt complete solution of all the constituents varies 
inversely as the carbon content. For this reason low-carbon steels require 
heating to a higher tem})erature than higher- (*arbon steels for hardening, 
annealing, normalizing, etc. In this connection the Ac. 3 line is the 
most important one on the equilibrium diagram for heat -treatment 
processes. 

Tensile Strength and Constitution 

In regard to the specific exampleof 0*2 })er cent carbon steel which 
has been considered, the effect of quenching from various temperatures 
has been shown to influence the constituents of the steel in the cold 
condition. These different constituents, corresponding to definite 
microstructures, arc related to the tensile strengths of the steel as the 
results given in Table 3* indicate. The values given were obtained 
by heating rod^ of 0-2 per cent carbon steel of I in. diameter to 850° C,, 
and after c*ooling to the temperatures stated in the table, quenching 
at these temperatures. 

0*9 Per Cent Carbon Steel 

Steel containing 0-9 per cent — ^or more correctly 0*89 per cent — 
carbon has tlu' lowest solidification point of all the carbon steels and 
is the iron-carbon (niteotic. Only one critical change is possible for 
such a steel, namely, the transformation of martensite to pearlite at 
695° C. for slow cooling from above this temperature. 

The structure of this steel depends, however, upon the rate of 
cooling, and in this connection it has been shown by Prof. Carpenter! 
that when such steel is cooled more or less rapidly from 750° C. the 
structures are as indicated in Table 4. 

* “The Stc'cls,” Worksho}. Practice (Pitman). 

t Alloy Steels, Prof H C. H Carpenter. Cantor Lectures, 1927-8, Royal 
Society of Arts 
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. TABLE 3 


Effect of J 


r-TREATMENT ON TeNSILE STRENGTH 


— ^ 

Treatment 

Tensile Strength in 
tons per sq. m 

Hoatod to $50** C. and water quenched 

90-90 

Cooled itopi S50° C. to 800° C. and water quenched 

72 20 

(’ooled from 850° C. to 750° C. and wafer quenched 

6:i 00 

Cooled from 850° C. to 705° C. and water quenched 

50 25 

Cooled from 850° 0. to 640° C. and water quenched 

:10 SO 


TABLE 4 


Effect of Cooling 0*9 per cent Carbon Steel at 
Different Rates 


Kate of Cooling 


Most rapid chilling possible 
Rapid chilling 
Slower chilling 

Still slower chilling 
Cooling at ordinary rates 


Slnu ture 

Change 

Austenite* . 

None 

Martensite 

(<amma to Alpha only 

4Voostite 

Canima to Alpha 

4 carbon formation 

Sorbite 

ditto 

Pearlite 

ditto 


Although hitherto no one had succ’oeded in chilling 0-9 per cent 
carbon steel from 750° so rapidly that the gamma to alpha change 
was completely prevented, it has been possible in the (*ase of certain 
alloy steels. 


Higher-carbon Steels 

When the carbon content exceeds 0*89, cement ite becomes a con- 
stituent and it behaves in a somewhat similar manner to ferrite in the 
lower-carbon steels in that it is capable of forming a complete solution 
on heating, from which it separates again when cooled. 

Thus, when 1-4 per cent carbon steel is quenched at 695° C., i.e. 
during the Ar. 1 transformation, its microstructure shows that there 
is martensite changing to pearlite and at the grain boundaries a 
cementite network. When this same steel is quenched from 1100° C., 
i.e. above the temperature of martensite solid solution (or above the 
right-hand inclined dotted line in Fig. 21), the structure consists of 
another constituent, namely, austenite mixed with martensite; the 

* This has not been entirely realized. Mixtures of austenite and martensite 
are obtained. 
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former constituent is the true solid solution of carbon or carbide in 
iron, but is difficult to obtain by quenching so that martensite is 
invariably associated with it. 

In regard to the Ac. 2 line in Fig. 21, this is conjectured to corre- 
spond to the two allotropic modifications or transformations of iron. 



Thus, the Ac. 3 and Ac. 3.2 branches are believed by some investigators 
to correspond to the two g^llotropic forms of iron, although this subject 
is a somewhat controversial one ; it has little practical significance. 

Equilibrimn Diagram for Iron and Carbon 

The complete diagram shown in Fig. 22 is obtained by plotting, 
as temperature ordinates, the arrest points of a very large number of 
iron-carbon alloys, varying in constitution from pure iron (C = 0 per 
cent) up to cast iron (G = 5 per cent), through the range of carbon 
steels. It should be emphasized that the curves of equilibrium shown 
correspond with the arrests upon the cooling curves of these materials. 
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One or two of the lines upon the diagram, however, have been obtained 
or confirmed by indirect methods. 

The line AB shows that as the proportion of carbon increases from 
nothing to about 4*3 per cent, the melting-point falls from about 
1500'' C. for pure iron at A down to 1140" C. for the eutectic, or pure 
pig iron, at B, The fusibility of cast irons is e\ident from tliis fact. 

Below 720° C. the solid solution solidifies into i)eiirlitc or cemeiitite, 
as indicated by the horizontal line LIl, at practioalJy the same tem- 
perature over the whole carbon range. If any vertical line, such as 
XF, be drawn upon the diagram, the manner in which it cuts the 
equilibrium curve will determine the constitution of the correspfmding 
carbon content steel; for example, in the case of XY, which corre- 
sponds to 0*6 per cent of carbon, it will be seen that solidification 
commences at about 1460° C., and is followed by complete solidincation 
where XY cuts AT). This mass then cools down until it reaches the 
])oint where XY cuts GH — ^that is, to a temperature of about 760° C. 
— ^when a small amount of y and a allolropic forms of iion separates out. 

The Roberts Austen carbon-iron diagram gives the line LH just 
below the 720° C. line — ^namely, at about 685° C. — and in a general 
way divides the “Percentage of Carbon” range into two parts as 
follows: from 0 to 2-1 per cent carbon is classed as “Steel,” and from 
2*1 to 6*67 per cent carbon as “Cast Iron.” 

At about 20° to 30° lower temperature, when the line LH is 
reached, pearhte separates out, and the whole mass becomes a solid 
steel, containing a large proportion of pearlite, in which small ferrite 
areas occur. 

With a lower carbon content, greater ferrite areas will occur. 

The effect of rapid cooling from the solid solution region will be 
to retain in the solid metal much austenite. 

High-carbon Metal 

Consider the case of iron with 2*5 per cent -of carbon cooling from 
the molten state ; this combination approaches the limits of cast iron, 
since it only requires about 2 per cent of carbon to saturate sohd y- 
iron ; the martensite, which continues to solidify from about 1280° C., 
rejects all carbon in excess of this quantity, and leaves it in the 
remaining molten mother-liquor. 

This process continues from the point X^ to X^ (Pig. 22) — ^that is, 
until a temperature of about 1125° C. is reached, when the carbon 
content of the mother-liquor reaches about 4*3 per cent ; as further 
cooling occurs below the line DB the mother-liquor solidifies bodily 
into an eutectic mass of graphite and martensite. 
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fVAen the temyernture of lOWC. is reached at part of the 
graphite unites with some of the iron, to form cementite, and the 
mixture between Xg and X 3 therefore consists of martensite, cementite, 
and graphite. At X 4 this martensite, which has now become hardenite, 
splits up into pearlite, so that the resulting metal contains pearlite, 
cementite, and graphite, after cooling down to the completely solid 
state. 

Alloy Steels 

^riie prosencc of elements in steel, such as nickel^ chromium, tungsten, 
and many oth(U‘ elements, tends to alter the solidifying and critical 
points in exactly the same manner that the presence of carbon does. 

The critical ])oinis are lowered by both nickel and manganese, as 
the curves given in Fig. 18 clearly show. Thus, with 25 per cent of 
nickel, or 12 j)er cent of manganese, the Ar. 3 point is lower; such 
steels are characterized by the presence of martensite similar to rapidly 
cooled carbon steels, and normally consist of y-iron modified by the 
large amount of manganese or nickel with which it is alloyed. 

It should 1)0 mentioned here that in carbide of iron (FcgC) the iron 
is capable of being partially replaced by other elements, such as those 
present in alloy steels. 

The two special nickel and manganese alloy steels above mentioned 
are noii-magnetic. 

Kcferring to Fig. IS again, it will be seen that in the case of nickel- 
chrome steel (curves I) and E) the change to the solid solution state, 
with heat absorption, occurs at about the same temperature during 
heating as in the case of the carbon steels, but the arrest points occur 
at an apprecnably lower temperature during cooling. For this reason 
the effect of the elements nickel and chromium is to make the carbon 
change more sluggish — that is to say, more easily controlled and 
suppressed — so that larger masses of this alloy steel can be satisfactorily 
heated and hardened. 

In the case of air^hardejiiug steels, the speed of cooling which results 
from the air-liardening process is sufficiently rapid to suppress the 
carbon change, and to cause the mass to retain its solid solution state. 

Figs. 11 and 23* show the structures of this type of steel in the 
hardened ami annealed states respectively. 

With the alloy steels it is easier to obtain the “solid solution’’ 
state, and this usually occurs with heat evolution during cooling at a 
lower temperature. It should be pointed out that if the thermal 
change point can be suppressed by quenching, rapid cooling, or 

♦ Dr. Hatfield. 
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otherwise, the breakdown from the solid solution to the pearlitic 
condition is prevented. 

In the case of manganese steel* whe'ii the percentage of manganese 
lies between about 12 and 14, the coohng curve, from the moJten state, 
shows no ‘‘arrest,^’ and the solid solution state can be readily preserveci 
by a sufficiently rapid cooling. Thus, if this high-manganese steel be 



Kjg. 23. Annealed Air-hardeninoi Nickel-chrome Steel. 

Etched. > 500 

quenched at about 950° C. a non-magnetic and tough condition results 
(Fig. 24). 

High-nickel steel, containing about 25 per cent of nickel, is also 
non-magnetic, for no absorptions or arrests of heat occur during 
heating or cooling in the ordinary range of working temj)cratures met 
with commercially, so that the solid solution state, modified only by 
the high percentage of nickel present, is obtained. 

The microstructure of this steel, in its best condition, consists of 
}joI> gonal grains or allotromorphic crystals of solid solution of carbide 
of iron and nickel, in iron containing nickel. 

In air-hardening nickel-chrorne steels the effect of the particular 
proportions of nickel and chromium is to render the speed of cooling 
quick enough to suppress the carbon change point and to present the 
solid solution state, in which the material at ordinary icmjx3rature8 
is extraordinarily hard and tough. 

* Discovered by Sir JR. A. Hadfield. 
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1^10 24 Manoatslsl bTfi-L Micro m CHI. D x 100 



1j(3 25 Magnet Steel (Tungsten) Etched x 500 
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The Time Factor 

It has been shown that much of the diversity of opinion about the 
exact effect of certain elements, e.g. chromium, upon steel has been due 
to the omission to take account of the rate of cooling, or the time-factor 
e ffect, when studying the results of hivestigations. It has been shown, 
for example, that, in the case of a chromium steel containing a 
little over 6 per cent of chromium and 0*63 per cent of carbon, when 
specimens were heated to 1000° C. and allowed to cool (a) in still air, 
on an asbestos pad, taking thirty minutes to reach atmosplieric 
temperature, and (6) in the furnace, taking sixty minutes to r^ach 
ordinary temperatures, in Case (a) the Brinell hardness was 642, 
whereas in Case (6) the hardness was only 281. Thus Ihe steel became 
what is known as “self-hardening” in the one case and “soft” in the 
other, due to the different rates of coohng. 

Table 5 shows the influence of the time factor upon the hardness 
of the above-mentioned chrome steel when cooled from an initial 
temperature of 1200° C. In connection with these results, it was 
observed that with the slower rates of cooling the critical temperatures 
w(*re higher, but the rises of temperature, or heat evolutions, were 
much greater; as the coohng rate increased, so the critical points 
became lower and less marked, until, with a rate of about two minutes, 

TABLE r> 

Effect of Cooling Rate upon Hardness of Chrome 
Steel. (C = 0*63, Or 6*18 per cent) 


Initial Temperature, 1200° C. 


Cooling 

m 171. t>er 

niin. f^rv. 

7117 U. b'Ce. 

711711. HOC. 

in in. sec 

711171. S7( 

min. sec. 

rate ui 
minutos 

19 8 

Hi 28 

12 33 

12 8 

H r>i 

3 33 

2 2 

Hi moll 
hardness 

333 

337 

398 

503 

032 

064 

680 


there was no noticeable carbon change point, and maximum hardness 
(Brinell 680) occurred. The more rapid cooling rates cause the carbon 
( liaiige points to be entirely suppressed, and microphotographs of 
^'hrome steels cooled at different rates show that the constitution, as 
lh(* rate of coohng is increased, corresponds to increasing percentages 
cf sohd solution carbon — ^that is to say, to greater proportions of 
austenite, martensite, or hardenite. 
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Chromiam Steels 

Steels containing chromium have abbumed such an important 
lK)sition in engineering and industrial spheres that a few further 
remarks upon their characteristics and structures may be of some 
interest. 

Apart from the stainless steels, containing from 7 to 15 per cent 
of cliromium, there is a much older known range of low -chromium 
steels, having from 1 to 8 per cent chromium, of important application.' 
Tht‘ com})ositions and ])ro|)erties of the more useful chromium steels 
are dealt with later on in this volume. It is an interesting fact that the 
melting-points of iron and chromium are very nearly the same ; iron 
melts at 1535° (I and chromium at 1525° C. In the molten condition 
(duromium and iron mix together very readily ; moreover, they have 
the same (rystal lattice, namely, a body-centred cube. 

As Professor H. Carpenter has i)ointed out,* in contrast to tungsten, 
chromium does not lower the pearlite inversion in carbon steels, but 
actually raises it. 

In Table 6 the Ar. 1 change temperatures are given for a carbon 
and three chromium steels, all cooled from 900° C. 

It will be seen from these results that the tem])erature of the 
change to carbide carbon, i.e. ])earlite, is progressively raised with 
the chromium contenit. 

TABLE 0 

Properties of (^hromium Steels 


Percent age ot 
Cliroiniuni 

Constituent 1 

1 * 1 

T(nnporaturo ot 
Inversion ^ ( 

() 

Pure })earlite 

7ir> 

MO 

(Mironuforous j>earlito . 

720 

:j-2t 

C}iroinifen>us peailite . . | 

75S ' 

orirj 

Chronuferoiis pearhte . 

770’ 

-- 

_ ^ _ 

— 


Another interesting feature of chromium is that the temperature 
of the Ar. 1 inversion is praeticall}’^ independent of the temperature 
from w^hich the steel is cooled. 

Stetds containing high percentages of chromium, e.g. 30 to 35 per 
cent, generally sliow martensitic structures unless they are cooled at 
a very slow' rate; tlius on careful annealing the martensite changes 
to the carbide carbon structure. 

* Alloy Sleehf Professor H. C. H, Carpenter. Cantor Lccturos. Royal Society 
of Arts, 1 928. 
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Fig. 26 shows the constitution of chromium steels for the range 
0 to 18 per cent chromium and 0 to 2*8 per cen .; carbon. 

When low- chromium steels of suitable carbon content are quenched 
they exhibit extremely hard structures; for this reason these steels 
are used for files, ball-bearings, and steel rolls (for mills). 

The hardness in this case is no doubt duo to the properties of 
c hromiferous martensite, and possibly to the existence of hard carbides. 



Kr«. 26 Chromium Sthei^s Structi kau ]3jagram 
(Guillot) 

In the case of the class of chromium steels known as stainless 
steels j the structure is essentially that of a chromiferous martensite; 
the hardening temperature is about 100'’ C. higher than that of a pure 
carbon steel, due to the etfect of the chromium raising the Ac. 1 point. 

It is considered essential in stainless steels to have no free carbides, 
for the corrosion resistance of this steel — which is a low-carbon high- 
chromium steel — depends upon the whole of the carbon being dissolved. 

Nickel Steels 

When nickel is present in carbon steel it is soluble in all proportions 
at elevated temperatures in both the liqxiid and solid states. At 
normal temperatures nickel is in solid solution in the iron. Nickel 
steels, after slow cooling, may have pearlitic, martensitic, or austenitic 
structures, depending on the nickel and carbon contents. Fig. 27, 
which is based on Guillet’s results, shows the composition ranges of 
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the three different groups of nickel steels. With increased cooling 
rates, the structure at any composition will change in a manner 
similar to that brought about by increasing the carbon or nickel content. 




Fiu. 28 . Effect or Nickel on the Lowering of the Critical 
Points 

For nickel steel ydih. up to 5 per cent nickel, each one per cent of 
nickel lowers the Ar. 1 critical point from 10-20° C. below those of a 
corresponding straight carbon steel; and the Ac. 3 point from S to 
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14^ C. The lower the carbon content, the greater is the depression of 
both Ac. 3 and Ar. 1. With a nickel content of 32-33 per cent, the 
Ar. 3.2 point is apparently depressed to absolute zero. This makes it 
impossible to harden these high-nickel steels by quenching. 

The 25 per cent nickel steel has its Ar. 3.2 point at about atmo- 
s])heric temperature so that this alloy steel is non-niagnetic at ordinary 
air temperatures. In general the 20-30 per cent nickel steels are nm- 
magnetic if cooled at normal rates from forging temperatures. 

Fig. 28 gives a general idea of the lowering of the critical })oint8 
of steel by the addition of nickel. 

These curves should be accepted as indicating only the general 
effect of nickel and, in view of the conflicting data available to-day, 
do not represent the precise values of these critical points. The addition 
of nickel also reduces the eutectoid carbon ratio from 0*9 pt'r cent 
ibr straight carbon to about 0*75 per cent for 3*5 per c^nt nickel and 
about 0*70 per cent for about 5 j)er cent nickel. 



CnAVTER III 

CAST mON 

Teif |)ig iron as originally produced from the blast furnace is remelted 
in s|K < ial air or cupola furnaces, where its carbon content is adjusted 
to the desired amount, and other constituents, e.g. silicon, manganese, 
sulphur, and phosphorus, regulated to the specification decided upon. 
The cupola furiia(‘e, resembling a small blast furnace, is charged with 
])ie(*es of i‘ok(‘ and ])ig iron until nearly full, and a blast of air forced 
through tuycTcs near the bottom burns the coke; the heat thus 
(iev(*l(j|HHl in(‘lts the iron, \^hich is tapped or run off down a spout 
into the sand inouhls. The slag is removed from the slag spout situated 
a little higher up lhan the iron spout. 

Th(' air furnace fireviously nfferred to is a reverberatory one 
similar to a puddling furnace, but larger. In this case the pig iron is 
placed on th(‘ bottom, or h(‘arth, and is melted dov^n by the heat of 
the fuel. When molt(*n, any (‘xeess of carbon is burnt away to give 
the desir(‘d proportion. 

(\ist iron lias a high carbon content, usually between 3 and 4 per 
cent in ordinary casting grades; its limits, however, lie between about 
2 and ti 7 per emit. ()v\ing to its (‘ase of melting and fluidity when 
irndtod, it can nnidily ho <‘ast economically into intricate shapes in 
various sizes. It is usually cheaper to make iron eastings of difficult 
shapes than to mnjiloy fabricated wrought iron or steels. 

Plain Cast Iron Applications 

The various kinds of commercial castings in iron require different 
compositions, dcqKuiding upon tlie particular uses to which they are 
to be put. Thus, iron intended solely for ornamental purposes must 
bo very fluid when melted and able, when it has cooled in the mould, 
to take sharp impressions, so that little or no machining work is 
required for linishing the parts; this latter quality indicates the use 
of an iron that will expand in solidifying, thus taking a sharp impression 
of the mould. 

Cast iron for engineering purposes must be strong, but not too 
^brittle. For maehinerv parts, e.g. brackets, bedplates, beds, -slides, 
-bases, pedestals, etc., —the iron must be soft enough to allow it to be 
machined with ease ; in this ease sharp impressions, or shape in casting, 
are secondary to maeh inability. 
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Iron for water pii>es must be close-grained and able to be run into 
tliin sections without contraction strains. 

Agciin, the iron used for hydraulic and steam cylinders must be 
very fine-grained and strong so that it will withstand high pressures 
without failure or leakage. 

Internal combustion engine cylinder and piston irons must also 
possess the combination of strength, hard wearing surface, and easy 
casting profierties for the intricate shajK's and tliin sections used. For 



Kio '29 (^REY OR Weak Cast Iron Ek’hed ^ r)(J 

('(Ttaiii w’^earing and abrasive properties the intc'iisely hard W’hite iron 
usually chilled — is employed; usually this 1yj>e is the mor(‘ brittle 
but the hardest. 

The strength, endurance, wearing, d(*nsity, and (‘Xfiansion pro- 
{XTti(\s (in solidifying) are controlled primarily by the distribution ot 
carbon in the states of graphite and cenientit(‘ , this is etlcctcxl chiefly 
by the amount of silicon, manganese, sul])hur, and phosjihonis present, 
and also by the rate of cooling. 

Gra des of Plain Cast Irons 

Ap art fro m the fou ndry or pig iro ns, t he ordinary cast iro ns l ised, 
for various kinds of commercial castm^s con tain carbon in tw o forms, 
Uanu^y T {T)~c onTbined and (2 ) graphite-, "together with small a mounta, 
of othe r metals or elemeiits suoir a s manganese , si licon, phosphorus, 
and sul phu^ 

In tho^mbined state , the carbon is present in the form of iron 
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carbide, or j>earlit(‘ ; the greater the proportion of combined carbon 
the more pearlitic does the structure become. 

The graphitic farm of the carbon is tiiat of free minute flakes of 
graphite. 

The r(‘sj)ective proportions of combined and free graphite in east 
iron are governed largely by the amount of silicon and certain other 
constituents firesent. Wlien cast iron contains the greater proportion 



Kkj IJU Cast Iron, siu»win<, (OtAPHiTE anu 
VVJU iL-UAMISATKl) I^KAHLITI’.. < 400 


of its c arlH)n i n tlu* graphit i c state it gn u cast iron . when 

the combined carbon predominates it is termed wftttfVust iron. Inter- 
mediate grades are usually kno\An as the mot tled cast irotisT^ 

The structure of grey cast iron (Fig."2f^yTonsTsT^ of graphite and 
pt'arlite in a silicon -ferrite matrix, the black lines of the grax)hite and 
grey patches of the pc^arlite showing up against the lighter silicon-ferrite 
matrix. Fig. lU) shows the structure of grey cast iron to a higher magni- 
lication than that of Fig. 29, the well-laminated pearlite and the 
graphite flakes are clearly shown. 

In the eas<» of the whiter cast irons {Fig. 31) ther(‘ is of course a 
greater proportion of jx^arlitc in the structure and a corresponding 
reduction in the graphite flakes, so tliat identification is facilitated. 

In the metallurgical sense, cast iron includes the whole range of 
iron-carbon alloys having carlxin in excess of that found in steels. 
The lower limit for pure iron-carbon alloys is at J^j per cen t carbon, 
but it should lie ment ioned that so pronounced are the eflfects of certain 
other elements — ^particularly those of silicon and phosphorus — on the 
carbon cont-ent that it is not always possible to conclude from the 
carbon content alone whether the ferrous alloy is a cast iron or a steel. 
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It is for this reason that the microscopic method of examination is 
employed to decide such points. 

The cast irons used in ccmmerce usually contain from about 2*7 to 
4 0 per cent (total) carbon. The grey ciist irons, as cast, may contain 
up to 3*6 per cent carbon, of which about 0*6 to 0-9 is combined carbon 
nnd the remainder graphitic. 



Ki<3. 31. White C’ast laoN. v .Ui 
I'ho wluU* iii(‘as show tho mneiitlte toiistitin iit. 


The compositions of most commercial cast irons usually tall within 
the following percentage limits — 


Iron 

Carbon (total) 
Phosphorus 
Sulphur , 
Silicon , 
Manganese 


U3 to lU) per 
1 S to 4 0 
o or* to 1*0 
. 0 05 to 0-12 

. I-0to2-5 

. 0-4 to 1*2 


The low-carbon phosphoric irons usually have from 1-8 to 1*9 per 
c^nt total carbon, with phosphorus up to 0*7 per cent. 

Kg. 32 shows the constitution and properties of a series of cast 
irons containing a total of 4 per cent of carbon, but with this carbon 
changing progressively from the state of graphite to that of cementite, 
the corresponding qualities being summarized in Table 7. 


160000 


o 



Fig. 32 . Showing the Constitution and Textile Strengths of Different Ca«*t Irons 
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It will be evident from Eig. 32 and the table that as the graphite 
is replaced by combined carbon, or eementite, the hardness, brittleness, 
and density increase. It is also known that the expansion in solidifica- 
tion decreases under these circumstances. TJk* maximum tensile 
strength appears to correspond with a combined (‘arbon content of 
about M to 1-2 per cent. 

TABLE 7 

Properties ok Pe\in (Sst Irons 


ijomblned 

carbon 

1 0t()0 5 

1 0 1 

2 (1 1 2 :* 

t 0 It .► 

4 U 

Graphitic 

(•arbtJii 

^ :i ,") to 4 r> 

1 

:i 0 2 .'•> 

2 0 j 1 . 

: 0 0 

0 

Strength 

Weak 

Stroiipt st 


^ eak 


Brittlencsh 

1 Least buttle 

_Z__I 


M(*st brittle 

lliirdiiess 

Softest 

s<>ft 

llaidii 

II tnlest 



Kuuarks 


(JmifeHt resist <ui(*(' to 
shook 


M«Hh rati 
remst - • 

ante to 
shook 


I Post ni.achiimtulit^ hut 
I lowest .ibrasion resist imk 
( juahties 


Mo(U I at I 
in u hiiU' 
hlht^ I 
and h(t- 
tor ahia- 
sion r I 
Mistaru i 


A ill withstand little 
shuck unloRS niutal 
IS suppoitid 


I 

I Not n tidih inaohin- 
able 

M.imiiiuiu abraRioii 
lOHistanoe 


Grey Cast Iron 

In general this grade, on account of the great tu* proportion of free 
to combined carbon, rcvt'als a coarser and gn^ycr stniciun^ than the 
whiter irons. It is, lio\^cver, more fusibk*, less brittle, rnon* readily 
machinable and “ductile” than the latter variety. On the other hand, 
grey cast iron is weaker in tini.sion and coinpressitui, and has a lower 
hardness value. 

In its commercial com fiosit ions, grey cast iron usually contains from 
2*5 to 3*75 total carbon. It is much used for Tnacbincry castings and 
for machine frames and bases, more particularly thosi^ of intricate* form. 
Owing to its good casting qualities, cheapness, and ease of machining 
this grade of iron has much to recommend it for such purposes. 

In regard to its wear reMfitana, the ])arti<*les of free graphite form 
a kind of lubricating element which tends to reduce the v\(*ar when in 
contact with other metal surfaces ; in this respect it may lx* said to 
liehave like a bearing metal, such as whitemetal bronze, in having a 
heterogeneous structure consisting of hard and soft constituents. 
Chilled grey cast iron has excellent wearing qualities. 
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The t-ensile strength of grey cast irons, as cast, varies from 8 to 14 
tons per sq. in , according to the composition and mode of casting, 
etc. ; it may, however, under favourable circumstances be as high as 
20 tons jMT sq. in. 

The compressive strength ranges from 40 to 60 tons per sq. in. 

The nuMlulus of elasticity lies lictween 6400 and 7500 tons j)er 
s(j in.* 

Th(‘ modulus of rigidity varies from 3000 to 3400 tons per sq. in. 

Thc‘ ‘^pecific gravit y of grey cast iron is from 6*9 to 7*3, the corre- 
hfM)n(Img \\<*ights ]kt cubic foot Inung 430 lb. and 445 lb. respectively. 

White Cast Irons 

'rhese irons have a hard, <*Iose-grained structure, silvery white in 
fracture and possessing good rearing qualities, since they take a high 
degree or])oIish. Whit(‘ cast iron is more brittle, less fusible, and more 
diflicult to ?nachiti(‘ than grey cast iron. Moreover, it does not take 
such good irnpresvsions from the moulds when cast. 

The total amount of carbon usually lies bctv\een 2-8 and *3*5 per 
(•(‘fit, of which from 0*6 to 0*8 j)er cent is in the combined form. Wlien 
chill cast th(' skin sections (‘ontain from 0*8 to 1*4 ]>er cent of combined 
carlKm. When the conibim*(l carbon is between 0*8 aiid 1*0, the tensile 
strength is a niaximuni ; above 1 p(*r cent causes a reduction in the 
stnuiglh, which (cnninat<*s only wdnui the earhorj is entirely in the 
form of earhidc*. 

When the eornhiru’d <‘arbon e\c(‘eds about 0*8 per cent the metal 
is very difheult, il not impossible, to machine. 

The t(‘nsilc strength varies, aeeording to the composition, mode of 
casting, and size of the casting, between 12 and 18 tons per sq. in.; 
com])ressive strengths usually lie Ix'tw^een 40 and 80 tons per sq. in. 

The longitudinal extension of <*ast iron varies from 0*000133 to 
0*(K)0156 ill. [KT inch length jK'r ton p('r square inch load. 

Tlie ordinary foundry test is to support a planed rectangular bar 
of 2 ill. depth and J in. width at its ends, 3 ft. apart, and load it 
centrally; it should require lietw'een 25 and 32 cwt. to fracture it for 
a good-quality iron, from 10 to 20 vwi. for grey and weaker irons, and 
from 30 to 40 ewt. for the b<\st grade. 

Physical Properties of Plain Cast Irons 

The specific gravity of white cast iron varies between 7*5 and 7*8; 
the corn^siHinding weights lyer eubie foot are 467 lb. and 487 lb. 
respec'iively. 


* Unwin 
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•The melting-point of i^ast iron ranges from J4(M)' i\ io l5(Hr(\, 
ac cording to the grade. 

The specific heat at ordinary tempt'ratiires is (M29S for white casl 
iron and 01210 for the grey variety.* 

The coefficient of thermal exj)ansion of grey |)t‘arlitic ironsf is 
about 1*4 X 10“® taken over the range of 20' (\ to the critical teiniKT- 
ature of pearlitic change. 

The electrical resistance of grey cast iron is about 00 to I(K) 
microhms per c.c. and that of austenitic irons about 150. 

The magnetic j)ermeability of grey cast iron is about 240 and of 
austenitic irons only 1*03, as the latter are practicalh/ m>n-mn(ju fie. 

The thermal conductivity of cast iron (2 pcT cent (\ 3 per (*('nt 
Si, 1 per cent Mn) is 0*1 14 at 54 ' C. and 0*1 1 1 at 102 

General Classification o! Cast Irons 

Hitherto, only the more connnon grades of cast, iron, \\\\\v]\ have 
long been in use for engineering j)urp()ses, have k'en uuisidc'ved. In 
recent years, however, as the result of a (‘onsidcrable amount of res(*arch, 
many new kinds of cast iron have been discovered so that it has 
lM*come necessary to adopt a more general sclicjiie of classification. 
The cast irons can be divided into three main groups, namely (I) 
graphitf -freCy white or cementiticy in which the carbon content is in the 
combined form ; (2) temper catbon (jraphiiVy in \vhich grou]) are included 
the grey and machinable ferritic and p(*arlitic malh'able irons; (3) 
flake graphite y characteristic* of grey j)ig and grey cast irons 

Each of these main groups is capable of subdivision i»ito other 
groups. Thus the graphite* -free irons are subdivisible into the pearlitic 
and martensitic, whilst the flake-graphite irons can be subdivided into 
the ferritic, pearlitic, martensitic, and austenitic groufw. Of th(*se 
latter the pearlitic are by far the largest and most im])ortant in 
engineering application, as they include tlic* bulk of tlie eastings now 
made. This group of pearlitic tiake-graphite irons is again divisible 
into several other sub-grouj)s. 

The method of classifying cast irons is that n'eomuH'iuhjd hy the 
British Standards Institution and is illustrated in Eig. 33. 

In connection with the ferritic irons y in th(‘ normal cast condition 
none of the ordinary irons used f or engineering purposes is entirely 
ferritic, as these irons would require higher pro]>ortions of graphitizing 
elements such as silicon than would be satisfactory for general use. 

* Kempe'^ Engineer's Year Book. 

t lieport. High-duty Cast Iron Hesearch Cuinnuttoo, Just. Moch. Kngrs., 
1038 - 9 . 

:j: Callendar. 
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The ferritic irons are, ho^^ever, made ehieily for heat- and aeid-resisting 
])iirposes. 

Irons with high chromium contents have a ferriti<j matrix, whilst 
east irons used for engineering f)urpoaes can be made wholly ferritic* 
by suitably annealing either pearlitie or white (eemeiititie) irons used 
for malleable iron castings. ^ 

Most of the ordinary east irons in the normal e.ist condition }K)ssc\ss 
a mixed ferritic-pearlitic structure with tlake grapliite and usually 
have properties intermediate bt*tween those of the fc*rritie and pc^arlitic 
irons. Thus they are harder and stronger than the ferritic ones and 
not as hard or strong as the pt*ariitie irons. 

The pearlitie irons have a ])earlitie structure with Hake graphite 
and are considered to l)e the best struct ural irons. The* pc'arlitc* occurs 
m lamellar form, although some variation in the dc'grca* of reiinement 
of the lamellae occurs according to local conditions, v lu'lst c>cc‘asion- 
rilly the carbide is so finely divided that a sorhitie or troostitic stnicture 
is obtained. 

Pearlitie irons can be sjiheroidiztd by sjK'cial heat-treat memt, so 
that the carbide occurs in the form of spheric, d inclusions in ferrite*. 

It has been found* that if a cast iron, ali-pc‘arlitic with about 
0*7 per cent of carbon in the combinc‘ci form, contains less than this 
amount of carbon, some ferrite is present . if more, some tree ccnncntite 
or carbide. The extent to whic*h a c*ast iron c.in be liardcned by the* 
presence of c*arbide over that recpiired for pc'arlite formation without 
sacrificing machinability is limited, but the* c*ombin(*d carbon can be 
raised to 11 |ht c*ent or more without giving an unduly hard or 
un machinable iron, and with improved mechanical ])roj)ertic*s. Malle- 
able annealing of white cast iron can be arranged to givi* an all-jiearlitio 
structure with temper carbon. 

In regard to the hardness of the ^arlou^ structural groups of cast 
irons the following values have* been established — - 
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* Special-duty (Ja*>t horn (Aastoiiitic and Martensitic irons), Kcsoarch 
I'ommittee on High-duty Cast Irons for (Jcneral Engineering Purposes Koport, 
inst. Mech. Engrs., 1941 . 

t 160-220 with chroiniuiri. J The harrl structure gi\f‘s r» 50 - 700 . 
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Effects of Various Elements 

A])art from the carbon content, otiier elements, including silicon, 
j)hoHj)lH)ruM, sulphur, inanganefw', nickel, chromium, molybdenum, 
etc., liMve certain in^luen(^(^s u[K)n the physical and mechanical proper- 
ties of (‘ast iron. The general effects of these elements will now be 
considered. 

'"Silicon. Th(‘ silicon conkmt of cast iron may lie between 0*2 and 
4*0 |MT cent, but usually ranges from 0-5 to 3-5 per cent. It is a con- 
stituent of all irons as silicide of iron dissolved in the iron or ferrite. 

Silicon b'lids to promote the formation of graphitic iron and in 
general appears to render any ceinentite present unstable. It also 
tends to lower the melting-point. 

Wh(‘n silicon is add(‘d to white (*ast iron, u]) to about 1 per cent, 
it decHNises the chilling (piality, but increases the strength of the iron. 
'Fhe greatcT strength occurs in irons having from 0*8 to 1*0 ])er cent 
<5oinbin(*d carbon Any further addition of silicon decreases the 
eombiiK'd carbon and also lowers the strength. 

When the silicon is in excess of about 3 ptT cent its effect upon the 
formation of graphite becomes n(*gligible, and further increase uj) to 
5 per cent t^uids to make the iron become white. 

Wlien more tlian 2 jier cent of sili(*on is present it has a hardening 
<»ffect upon the ferrite. Fig 34 shows the effect of silicon on the strength 
of cast iron. 

Increase in the silicon content has the effect of reducing the shrinhvje 
of the cast iron. Thus, in the case of a scries of square bars of 2-in. 
section* containing various jiercentages of silicon, from l-O to 3-5, 
the corresponding slirinkages, in inches per foot, decreased from 
01 29 to O-OOS. 

I'ho size of the square bar was also found to influence the shrinkage, 
for as the size increased from 0*5 in. (side) to 4*0 in., with 1 per cent 
silicon, the shrinkage jx'r foot diminished from 0*178 to 0*102. 

A similar reduction of shrinkage ^vith increase of section was 
found in all tlu' other cases^over the range of silicon content stated. 

A low silicon (‘ontent is usually associated with cast irons which 
have to be hard and resist abrasive action. Thus cast-iron brake shoes 
usually contain from 0*5 to 0*8 per cent silicon. By varying the rate 
of cooling the ceinentite structure can be effectively controlled. Thus, 
rapidly cooled or “chi lied'’ castings have more eementite, whilst 
slowh^ cooled ones are softer and more graphitic. 

In the case of thick sections, such as machinery castings ^ the metal 

* W. J. Keep, Vroc. Avicr. Soc. Medi. Kngrs.^ XVI. 
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must be softer than the hard white iron for machining purposes; it 
is usual to employ from 1*5 to 2-6 per cent silicon in such cases. 

For hydraulic arid steam cylinders, where a dense, liard stnu'ture is 



Fju. 34 . Variations in JMkchanical PuorKjrrn'.H of Cast Iron wnit 
Increaseno Siek’On Content 

ne(*essary, there must be a minimum of trraphite, and the silicon 
content, therefore, is limited to 1-0 to ]'7 per cent. 

Softer iron castings, and those for thin ornamental work, contain 
from 2*0 to 2*7 per cent silicon. 

3“~(T.5303) 
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The proportioriH of Hilicon shown in Table 8 may be taken as a 
rough guide. 

TABLE 8 

pR()?r)KTf<)NS OF SrLK’ON FOR DiFFERKNT PURPOSES 


» Part 


(»t 


'rtiiu l*ullo\s 


MtHllUlil-'iJZr 

Ordinary 

Oustings 

t 


Larg(*-h>]/i‘ 
Ordinary 
Oust nigs 


MuMiauni 
Stnaigth and 
U'naring 
Propi'rtios 


: 2 s 


2 0 2 a 


I 5 2-0 0-8 1-2 


Phosphorus. This clt nuMd tends to ^i\e greattn' llnidit\ to the 
ino]t<*n metal, inereases the fusibility and ri‘due(‘s both the density 
and th<‘ shrinkage. lnen‘asing the phos]>horus content, liovvever, 
results in increased brittlcmes.s, so that for eastings subject to shock 
1 ‘onditions it is nsnal to limit the ])hosphonis to t) J to ()'5 ]>(T cent 
with suitable carbon and sdicon contents.* 

The proportions ol phosjihorus given in Table tl nia\ be taken as 
a rough indication in tin* si'lection of ca'-t iron for th(' piir])oses stated. 

TAIiLE 9 

Proportions or Phosiuiorps for Difff.kent Pitrposes 
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of 

Pliofiphnru** 

1 

1 IM (t ' 

0 S 1 2 

1 0 f. 0 s 

0 7 10 

0 4 0 7 

<•2 0. 

1 0 .0 0 6 


The fKTniissihle phosphorus i.s rtsluced by the ])reseiiee of much 
sulphur or inangaiu'se and by rapid cooling or ‘‘chilling" , each factor 
leads to the formation of brittle eeiuentitc. 

Sulphur, 'riiis eon.stitiient acts in an opposite manner to silicon, i.e. 
it tends to alter the ‘-onstitution from grajihitie to eementitie, causing 
hardness and brittleiu*ss ; the latter effect is more marked at the higher 
solid temperatun\s and is known as “red shortness." 

A sulphur content of 0 01 cent is equivalent to 115 per cent of 
silicon in opjawing the formation of gra})hite. 

In practice the sulphur content is seldom allowed to exceed 01 

Sve aUo “ Plu».ph<>ru* t’n.st Irons,” ]). liS. 
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per oent and in cast iron specifications for most engineering purposes 
it is kept down to a maximum of 0*05 to 0*08 per cent. 

Manganese. This metal tends to oppose the formation oi graphite 
and to lessen the unfavourable efiects of sulphur, by promoting tlio 
less harmful manganese sulphide. It is usual to arrange for at least 
twice the quantity of manganese as sulphur in east iron for this 
reason. 

Manganese renders the iron harder but more brittlt*, stn^ngthening 
the casting and refining the grain. 

The usual proportions of manganese in good-quali1\ high-strengt ti 
plain cast irons range from 0*6 to 0*8 per cent. In aci(l-n‘sislant irons 
it varies from 1*0 to 1-5 jier c-ent ; for chill castings it is usually from 
0-3 to 0*6 per cent. 

Nickel. The addition of small pcTctuiiagi^s, namely, l-o to 2*0, ol 
nu'kel to cast iron has the effect oi* (1) reducing porosnv. (2) n^tining 
the grain, (3) reducing and controlling chill, (4) increasuir the stnuigih 
and hardness without detracting from th(‘ machinability, and (5) 
producing uniform castings for compl(‘\ or irregular sh.>p(\s. 

The effect of nickel, when the initial silicon (ontent is liigh (*nough 
to give coarse graphite, is to make the graphite fiak(‘.s MiiaIkT, i (*. 
to refine the grain. With high silieon eontiuits, namely, oi 3 jier cent, 
the effect is less marked. 

In regard to the effect of nickel in improving th(‘ mechanical 
properties of east iron. Table 10* illustrates the bimeficial effects of 
increasing amounts of nickel up to 2*0 p(‘r cent upon gn^y l ast iron 
having 3*1 per cent of carbon and 2 fWT ceni silicon. 

Although nickel increases the hardness without changing the 
machinability in a similar manner to silicon, the latt(‘r cl(‘mcnt tcMuls 

TABLE 10 

Effect of Nickel on Stkenoth of (Irey (‘ast Ikon 
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* Nickel and Nickol-chroiniuni in Caut Iron,” T. 11. Turner, Foundry Trade 
Journal, 1927-8. 
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to impair the phybicaJ qualities of the iron, for it secures machinability 
by graphitizing alone, so that the hardness is reduced. Nickel-hardening 
action is obtaiiw^d by a progressive and uniform hardening of the iron 
matrix — producing sorbite — instead of by an increase of carbides. 
The process ap])ears to btj an increase in the strength of the pearlite 
grains by reducing th(*ir size and then a change to sorbite. The graphite 
IS fttill ]>resent but is of sinalhT size and more uniform in cJiaractcr. 

Fig. 35 illustrates the siUoori 
and nickel percentages required to 
make eastings of different thick- 
nesses (i in. to I in.) completely 
grey and machinable. 

Nickel also reduces chill in iron 
castings. Although silicon also 
('xerts a similar effe{*t on graphitiz- 
ation, there is an impairment of 
physical properties with progressive 
n]ereas(‘ in the silicon c,ontent, 
giving more open grain, great (T 
tendency to ])orosity and internal 
shrinkage, di'creased hardness and 
strength. While nickel acts power- 
fully to reduce t he combined carbon 
to the free (‘urbidc' point (about 
0-8 p'r (‘ent) it acts only mildly 
beyond that point, and does not 
enlarge the grain and soften the iron when present in e\(M‘sH. In the 
(•as(» of a cast iron containing 3 00 ])er cent (‘arbon and 0-79 per cent 
silicon, progressive additions of nickel up to 5 ])er (*ent redu(‘od the 
(‘bill practically pro|K)rtionately. Kven 1 per cent of nickel had an 
aj)prcciably beneficial efi’ect in reducing chill. 

Another ijuportant property conferred on cast iron is that of 
imiformitif of hardness throughout light and lu^avy sections alike'. 
SiiK'c nickel both reduces chill and hanlcns iron it is possible, using 
additions of I to 3 per cent, to harden the heavy section and at the 
same time to render tlio light section more machinable. In the case 
of relatively lieavy sections with high-silicon irons, the use of up to 
0'57 |)er cent of oliromium is often advantageous. 

Nickel has an important property in internal combustion and 
steam engiiu^ castings in giving an appreciably higher wear resistance^ 
the wear of the metal being about one-half to one-fifth that of plain 
cast iron used for such castings. This is due chiefly to increased 
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hardness, finer structure, and absence of brittle carbide particles, hich 
when dislodged by abrasion tend to score the sliding surfaces, ('ast 
iron in which the matrix has been hardened up to 2(X) to 25() Briuell 
hardness by the use of nickel is free from such hard particles, takes a 
higher polish, and has much better wearing qualities. 

Another beneficial effect of nickel is to neutralize the bad effects 
of unavoidable variations in the silicon content of cast iron. In the* 
])resence of 0*25 to 0*50 per cent nickel the silicon may vary from 1*25 
to 1*55 i)er cent in the usual way without seriously affecting tlu' t^ood 
qualities of the iron. 

Typical automobile cylinder block castings used for American engines 
(‘ontained 3*35 per cent total carbon ; 0*6 jkt cent inangan(‘se ; 0*08 
per cent sulphur; 0-45 per cent chromium; 1*25 to 1*35 jku cent 
ni(‘kel ; and 2-20 per cent silicon. 

In fine particular instance a well-known mass- pn*(luct ion ear 
engine employed 2 yier cent nickel with 1*7 per (*ent ilicon, giving a 
Brinell hardness of 200 and an increased cylinder wearing life two and 
a half times as great as foi the best plain cast irons j^nwiously used. 

In addition to nickel and chromium, molybdenum is enqiloyed for 
producing close fracture grey cylinder irons having excell(‘nt wearing 
({ualitif*^. Further reference to the effect of this elemiuit is made later. 

The percentage composition is usually within the following limits: 
Total carbon, 3- 1-3*4; graphitic carbon, 2-5 2*8; combined carbon, 
0-5 0 7; silicon, 1 -8 “2-4 ; manganese, O-b-O-S ; phosphorus, ()• 12 0-20; 
sulphur, 0-10-0'12: chromium, 0-10-0-50; nickel, 0*25 1-50, molyb- 
denum, 010-0-70. 

The tensile strengths of these irons vary from 15*5 to 18*0 tons 
]XT sq. in. 

In addition to automobile cylinder blocks, the irons in que.stion 
arc u.sed for making cylinder heads, brake drums, cylinder liners, clutch 
plates, and flywheels. 

Range of Nickel Cast-iron Alloys. For steam and Diesel engine 
castings, such as frames, cylinders, and heads, the addition of 0*5 to 
2 0 per cent nickel under suitable conditions greatly improves the grain 
structure, hardness, and strength, givingpressure-tightness and increased 
resistance to wear and heat effects. Moreover, these irons are readily 
ma(*hined and exhibit uniformity both for thin and thick sections in 
the s4ill& casting. 

Somewhat higher additions of nickel, namely, uji to 0 per cent, 
are employed to provide a martensitic structure, so that although the 
castings are still grey, the}'^ are very hard and offer a high resistance 
to wear. Such irons are usually responsive to heat- treatment and yield 
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increased linrdness and toughness. Additions of nickel above 15 per 
cent give the iron an aufttenitic structure whereby the castings possess 
a high dogn»e of lic^at and corrosion resistance, whilst having other 
d(*sirable physical j)ropertieK to which reference will be made later. 

Vanadium. This clcmc^nt in cast iron has a reverse effect to that of 
nickel, since it tends to maintain the carbon in the combined state, 
r(‘ducing the amount of graphite; the latter is rendered more uniform 
in size and in its distribution. Vanadium has a definite grain-refining 
iutiuf‘iH'e a.nd serves tf) produce soundness in castings. The structure 
of the iron ]:K‘arlitic, the lainella(‘ being fine and closely packed in a 
homogeneous matrix. 

The mechanical properties of vanadium iron are improved by the 
<*leineut in (piestion witliout affecting the machinability of the metal. 

1'lie iron has n fine-grained stru<‘tiin‘ of very good wear resistance 
and ahl(‘ tf) take a high degree of jKilish. The wear-resistance properties 
are Ix'lieved to be due to the effect of the vanadium upon the cementite, 
its [)rev(‘ntion of ferrit('-gra[)hitic soft spots, and absence of dentritic 
structures. 

A furtluT advantage of vanadium cast iron is the reduction of growth 
an(i distortion afttT re|X‘ated boating from above the transformation 
range of tfu‘ mat rix. The iron can also be heat-treated to give improved 
({ualities: part of the stresses due to (pienehing are relieved by 
t(‘mperinL^ There is only slight reduction in strength when the metal 
is tempered. 

The |Kn*eentage composition limits of plain vanadium irons are as 
follows: Total carbon, 3*2 3-7, combined carbon, ()*()-0'8 ; graphitic 
carbon, 2-5- 2-7; silicon, I -3 -2*5; jihosphorus, ()-2-0'5; sulphur, 
0*07 0*J0; manganes(\ 0*5 0*7; vanadium, 0*10-0*25. 

Vanadium is also einploycfl for .s|,Kieial iron castings in association 
with small }KTcentages of nickel, cliromium, copper, molybdenum, or 
titanium; in all instances, however, the pfu-eentage of vanadium lies 
l>etwe€m 0*10 and 0*25. 

A typical jiereentage composition for an aatoniobile engine cylinder 
block of hard wearing properties combined with adequate tensile 
strength is as follows: Total carlKin, 2*85; combined carbon, 0*50; 
graphitic carbon, 2*35; silicon, 1*70; phosphorus, 0*30; sulphur, 
0*10 ; manganese, 0*40 ; nickel, 0*85 ; vanadium, 0*10. 

Cfaromiuxu. The effect of chromium in cast iron is to increase the 
combined carbon and improve both the tensile and compressive 
strengths, as well as the hardness ; it is jxissible to select the percentage 
of chromium so as to regulate, within limits, the proportion of combing 
carbon. Usually, however, chromium is used in modem cast irons in 
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association with nickel, and sometimes molybdenum, the chromium 
being about one-quarter to one-third of the nickel content. 

The addition of chromium to cast iron containing nickel has the effect 
of stabilizing the carbide and opposing the formation of graphite caused 
by the presence of the nickel. The stable carbides of chromium are formed 
from tlie excess carbon, so that instead of having a pearlite-graphitc 
structure the iron is ^venoneoip€arlite-cementiteoT7mrtensite-cemejitite. 

It is undesirable to use excessive amounts of chromium since these 
tend to produce hard areas of chromium carbide in the iron, which 
are so hard that the castings are often unmaehinable. It is usual, 
therefore, to employ nickel alone or nickel with chromium of about 
25 t(J 30 per cent of the nickel content. Usually not more than 0*5 
per cent chromium is employed in nic*kel-chrumium alloy irons. 

For chill castings about 4 per cent nick(4 and 1-5 j)er cent of 
( hromiiim with 3 per cent carbon give very good the ( hill 

being d(‘ep and of a martensit(‘-cem(intite structure. 

High-duty Cast Irons 

The plain grey and white cast irons, vhilst suitable for a large 
numlxT of commercial applications, are not now einf)loyed for many 
cnginexTing ])urposes on account of their relatively low strength 
|)roporti(\s, inability to withstand h(‘atand corrosion effects, briltlen(*SH, 
and low wear-resistance qualities, et(‘. 

A nunib(‘r of special cast irons, som(‘ of which have) already l)(»en 
mcntion(‘d, have been introduced ha ving additional constitiKuits to the 
carbon, silicon, manganese, sulphur, and phosphonjs, narn(*ly, nickel, 
chromiUTU, molybdenum, vanadium, copjxT, (dc., wh(*reby the irons 
aregiv(uj s]x^cial projx^rties to meet the particular conditions ndating to 
corrosion, heat, (Tosiori or wear, magnc'tic pro]x*rti(‘H, etc., where 
mechanical requirements are not of primary imjK^rtancc. Th(‘se high- 
duty cast irons were first included in the British Standard Sp(*cification 
No. 7S0, in 1938, covering three grades of iron for sjx‘cial purposes. 
Sjx‘cial foundry methods an' used in the pnxluction of thes(’i irons, 
and it may be noted that, whilst most cast irons arc produced in the 
cupola furnace, difTerc'iit type's of furnace ar(‘ em])loyed for making 
high-duty irons. Tlu'se include the air, rotary, and electric furnae(*s ; 
the latter are of the indirect and also the direct arc patU'rns. 

The influences of nickel and chromium on (*ast iron have previously 
been considered. 

Molybdenum. Small percentages up to about 0*4 per c^nt, usually 
in addition to the low nickel and chromium content before-mentioned, 
toughen and improve the strength of the iron to a somewhat marked 
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extent* The element has a dual action in exerting a slight hardening 
action by stabilising the iron carbide and by toughening the matrix. 
It also promotes a more uniform distribution of the graphite and 
apj)ears to reduct^ the size of the graphite particles. It retards the 
grain growth and is particularly applicable to castings of intricate 
form, giving homogeneity to both thick and thin sections. 

The tensile strength is increased with the molybdenum content up 
to 1-5 jKir c(‘ut; the effect of the latter percentage of the clement on 
a plain iron liaving a tensile strength of 1 1 tons per sq. in. is to increase 
this to H) tons jkt sq. in.* The transverse strength is increased in a 
similar manner. Thus with 1*5 per cent addition of molybdenum to a 
plain cast iron the transverse breaking load on round bars of 1*22 in. 
diameUT at 13 in. long, ])laced on 12-in. sup])ort knife edges, was 
iiKTeased from 1-40 tons for the plain iron to 2*20 tons. 

In n‘gard to the hardn(\ss, the addition of 0*3 per cent molybdenum 
incroasi'H the hardness and the latter increases with further additions 
up to 1*5 ])er cent, above which amount the metal becomes difficult 
to machine. Molybdenum-iron castings containing nickel and 
ehroinium are used for automobile cylinder blocks whore a hard 
wearing surface is reiiuirc'd. Machining is easier and in general sounder 
eastings arc obtaini'd. Other applications include castings for lie'avy 
machine tools wht*re resistance to wear and strength without umieces- 
sary weight are requin^d ; also for pi]H‘s, ingot moulds, pressure castings, 
and general high-duty engineering purposes. 

Ohilled-iron rolls for steel rolling mills, and for rolls employed for 
brass, bronze, copper, and even for pajier, are often made from 
molybdenum iron, a typical composition being as follows: C, 2-9() per 
cent; Mn, 0*27 per cent; P, 0-34 per cent; 8, 000 per cent; Si, 0-60 
per cent ; and Mo, 0*25 per cent. 

It is usual, howeviT, to limit the carbon to 3*0-3'75 per cent; the 
manganese to 0-25-4)*50 per cent ; the silicon to 0-75-1 -75 per cent ; the 
molybdenum to 0'25-0-50 }kt cent, and to employ from 0-^ to 1-50 per 
cent chromium ; the sulphur and phos])horus should be as low as 
possible. 

A molybdenum cast iron! having a tensile strength of 22 tons per 
sq. in., transteTsc strength of 1*9 tons with deflection of 0*124 in. and 
Brinell hardness of 228 had the following composition: Total C, 3*21 
per cent ; v'ombincd C, 0*7 per cent ; IVIn, 0*63 x>er cent ; P, 0*272 per 
cent; 8, 0*098 jxt cent ; Si, 2*00 per cent; Mo, 0*37 per cent; and 
Or, 0*19 per cent ; there was no nickel present. 

♦ Molybdenum in Iron, Molybdonuiu Corjwration of America Kesearchee. 
t Ibid, page 66. 
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Coppw • This more recent metal addition to east iron* has a mildly 
graphitizing action and it toughens the matrix. Its solubility in east 
iron is, however, limited, but subject to this its action is not unlike 
that of nickel when employed in small proportions. Th(\sc properties 
render copper a useful addition to automobile cylinder or pressure 
castings since it prevents the light sections from chilling and gives a 
close structure in the thicker parts. Where used to re})laee part of the 
silicon content, copper gives a marked increase in llu' nuH'banieal 
properties of cast iron, promotes uniformity of structure, and “damps*' 
out the effects of small changes of composition. Another important 
effect is to balance the chilling influence of the hardening constituents 
such as manganese, chromium, and molybdenum commonly used in 
high'duty cast irons, w^hich otherwise might render llu' iron bJttle 
and difficult to machine. 

Copper, in association with nickel and chromium, }>ii)duce8 cast 
irons notable for their resistance to the effects of corr )‘-ion and high 
temperatures. On account of their n^sistance to attac‘k by comparatively 
strong acids, caustic liquors, and organic a(*ids these irons have im- 
jjortant applications in the chemi(‘al industry. Th(‘y also show a 
marked resistance to grmvth effects, due to their austenitic structure; 
they are non-magnetic and have a high electrical resistance. 

About 7 per cent of co])p(T is generally used in these irons, (‘ompleto 
graphite nffinement is obtained by nn^ans of high C()pp(‘r additions 
(6 to 8 per ciuit) to ordinary grey irons. 

TABLE 11 


Hioh-duty Cast Irons Containino ^oppkh 
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' 240 

2-85 

1-61 


1-90 



; 
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The S and P contents below 0*1 and 0*4 in all cases. 


♦ 

1939. 


Copper in' CclbI Steel and Iron, Copper Development A88o<3iation, London, 
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Phosphoric Cast Irons 

More* rooont ly, as the result of research work,* a class of high-duty 
phosphoric cast irons has been introduced; typical irons of this class 
containing ()'75 to 0 S5 (*ent of phosphorus give tensile strengths 
of about IS tons jkt sq. in. Hitherto, it had been the practice in the 
autornf)bilc and other engineering industries to limit the percentage 
of phosphorus to a low va!u(‘ in order to produce dense and strong 
castings. It has sinc(' bi'cui shown that large (‘astings can be made to 
yi(‘l(! a d<‘nse structure free from shrinkage troubles in spite of a higher 
phosphorus (‘ontent f)rovid(*d their silicon and carbon contents are 
suitably lowered. 

The structure of ordinary^ cast iron (‘onsists of a matrix of pe^arJite, 
or y»earlit<* an<l f(*mte, broken up by grajihite flakt's. If phosphorus 
is pr('s(‘nt in the iron, another structural <*onstituent appears, a micro- 
scopically liiu* conglomerale into f)ne of the two parts of which the 
fihosphorus enters. This constituent, for which the presence of phos- 
phorus in the iron is wholly responsible, is a binary eutectic obtained 
from what w^as at solidification a ternary eutectic of y-iron, iron 
carbi(l<', and iron phosphide. This loses yiractically all of the carbon 
during the (‘ooling process, the <‘arbide dc^comjiosing to iron and 
gra])hit(*, so that as observed under the microscoyie it is an intimate 
mixture of inai and iron phosphide. The iron phosphide is hard and 
hrittlf*, and conhus th(‘se projXTties to some (‘Xtent on the conglomerate 
into which it ent(‘rs. By controlling the composition of a phosyihoric 
iron, it is possible so to direct the solidification of the [ihosphide 
iMitectic whii h is the last constituent of the melt to solidify — that the 
most Inmetieial or least harmful distribution of yihosphide results. 
The yihosyihide compound is then distributed as a network or honey- 
comb throughout, tlu* matrix. 

Phosphorus, like silicon, 1ow(ts tlie capacity of the melt to hold 
carbon in solution at solidification, so the carbon content of a jihos- 
phoric iron made from normal materials is low^er than that of an 
otherwise similar non-yihoftyihoric iron. As the phosphide eutectic* 
melts at a loww temyierature than the remainder of the metal, phos- 
phoric* irons solidify over a wider range of temyierature than the non- 
yihosyihoric irons. This aids the foundry yirocess and assists castings 
to take a sharp impression of the mould, but it also sets up conditions 
which may create difficulties resulting in shrinkage defects. 

In the Reyiort referrcHl to in the footnote below, a table is 
given showing the cHunposition limits for the phosphorus, silicon, and 

* Phosphoric High^dtitj/ Irons, Sec<»nd Hoynirt of Research Committee on 
Hiph-dnry Vast Irons for Kngmeoring PurposcR. Inst. Meeh. Engrs., 1941. 
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carbon that will produce grey phosphoric cast irons of adequate 
strength and soundness. It is shown that when the silicon is Ixdow 
I f) per cent an iron wdth a phosphorus content of 1*2 [kt (‘cnt should 
have a maximum percentage of total carbon of 3-3. Further, for a 
maximum silicon and phosphorus content of 30 and 1-2 per (‘cnt 
respectively, the total carbon must not exceed 2*7 per cent. Small 
thin castings poured in the ordinary w^ay require relatively high silicon 
and carbon contents to ensure a grey structure ; and to ensure sound- 
ness the phosphorus must, be kept low. In larger castintis, where low'er 
silicon and carbon contents can be used, the phosphorus (jau be increased. 

In regard to the effect of variation of phosphorus on the mechanical 
pro])erties of cavSt iron, whilst it is not pra(‘ti(‘able to give ligunvs of 
ireiH*ral application since the properties of a givTii iron (lc])end iipon 
many other factors than the phosphorus content, it may be stated 
as an indication of the magnitude of the chang(‘ that the ultimate 
tensili' str(‘ss may be expected to im])r()ve about 2*5 .*> per cruit for 
(‘ach 01 per cent of phosphorus added to a non-phosplioric iron, up 
to a maximum of 0*35 per cent phosphorus, and tlum to diminish at 
a similar rate. The ultimate transverse stress is usually slightly more 
erratic, and th(* change is rather less pronouncc'd -about 2 4 |)er C(Mit 
iiigher for (‘uch 0-1 y)er cent of phosphorus added, up to the same 
maximum, followed by diminution at tlH‘ saint* rate. Tht* changt* in 
transverse dofletdion is of the* order of 2 4 per c(‘nt, tht* variation 
occurring in a similar way. 

The inlluence of })hosphorus on elavstic modulu.s is not pronounceti. 
riit* fatigut* strength may be expeettni to follow the tensile str(*ngth. 

Tht* Brinell hardness numl>er of jilain cast iron inert'ases 
uniformly with increase in phosphorus content, and a rise of about 
4 points may be expected for each 01 ])t*r c(*nt phosphorus added to 
a non -phosphoric iron. Increased Brinell hardness normally indicates 
detTcased machinability. 

Impact or shock strength diminishes with incrtNisti in ])h(>spht>rus 
content, and the shock strength of a phosj)horus-free iron may be 
ex]>ected to be reduced by about 5 jx^r cent for each 0*1 p<‘r cent of 
phosphorus added. 

Phosphoric cast irons can lx* pnxluccd to confen-m to the require- 
ments of the British Standard Specifications Nos. 321 (1938) and 
786 (1938) in regard to strength propertit*s. 

Low-carbon Alloy Cast Irons 

When the amount of carbon is kept low' in irons cast in the white 
• ondition and other elements such as nickel, chromium, or molybdenum 
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are employed, the iron can, by proper heat- treatment, be made to 
yield a fine structure in which the amount of graphite present is in 
the t{*mper car})on form. A tyjweal material* of this class, used for 
th(» crankshaft of a heavy oil engine, gave a tensile strength in the 

heat-treated state of 63*2 tons per 
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sq. in. with 1-0 per cent elongation 
and a Brinell hardness of 375. Its 
percentage composition was as 
foUows: Total C, 1-74; Si, 0-62; 
Mn, 0-63, S, 0 05, P, 0*05; Ni, 
1-94; Mo, 0*64. The metal was 
tempered, after heating to 1000° C. 
and cooling in air, for three hours 
at 550° C. and cooled in air. 

Austenitic Cast Irons 

This important group of irons 
includes those containing elements 
such as nickel, copper, chromium, 
w ith silicon and manganese. Tho\ 
bear a relation to ordinarj" cast 
irons similar to that which certain 
stainless steeds bear to ordinary 
steels 

Austenitic irons, although more 
expensive* to produce, possess 


certain marked properties which 
distinguish them from ordinary cast irons They are of medium tensile 
strength combined with softness and ductility, have a high impact value, 
very good resistancx* to wear, erosion, (‘orrosion and heat, are non- 


magnetic, have high thermal expansion coefficients, high electrical resis- 
tance, and low thermal conductivity. Owing to their relative softness 
t liese irons are easy to machine ; they can also be welded satisfactorily. 

Austenitic irons are not susceptible to heat- treat merit, such as 
quenching and temiiering, but can be annealed at low^ temperatures 
with advantage lliese irons can be cast white if required ; a simple 
heat-treat men t such as annealing at 950° C. for thirty minutes gives 
an iron with 2 to 3 per cent elongation. 

Austenitic iron'?, wdiilst more difficult to cast, can be made in the 


form of large or small castings (down to ^ in. sections). 


♦ ** First Report on High-dutj Irons.” Inst. Mech JIngrs . 16th Decetn 
her, 1938, 
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The melting-point is about 1150® C. and specific gravity 7-2 to 7 6. 

Typical austenitic irons are “Nomag,” “Ni-Resist” and “^icro- 
silal,” to which more detailed reference is made later.’*' 

In connection with the formation of austenitic cast iron it may be 
noted that, in coohng cast iron, pearlite is formed at about 740® C. from 
the austenite deposited on solidification. This temj)erature of trans- 
formation can, however, be suppressed by the additions in sufficient 
quantity of certain elements; the temperature of formatit)n of the 
pearlite can thus be reduced to below air tempiTaturc, so that in tla^ 
cold state the iron has the structural character of ausUmite. In tliis 
connection about 20 per cent of nickel will produce an austenitic grc}* 
cast iron, but a part of this nickel may be replaced by smaller arnount^s 
of other elements such as manganese, or chnminm^ provided that thi* 
additions of these are limited below the amounts causing the formation 
of excess carbides. Copper can also be employed, the i *tio of nickel 
to copper being about 2:1. 

It should be mentioned that when mawjarieM^ is us(‘d with nic;kcl 
in these irons about one part of the former is rouglily equivalent to 
two parts of the latter, the practical limit of mangan(‘S(» iHung about 
o per cent. 

Chromium, up to about 5 or fi per (‘ent, may lx* employed, with 
beneficial effects on strength, corrosion- and heat-resist a net*. 

It is sometimes desirable to increase the proportions of the elements 
considerably above the limits mentioned as, for exarnj)le, in tla' case 
of special corrosion-resistant cast iron containing uj) to 40 per cent 
nickel with 15 per cent of chromium. 

Some typical austenitic irons will now lx? described in brief. 

Nomag, This iron, developed in collaboration with Messrs. K<*rranti 
Ltd., was produced by the addition of relatively larg(‘ amounts of 
ni(‘kel and manganese in an ordinary mixture, giving a m(*tal having 
the appearance and some of the proj>erties of ordinary cast iron. 

Nomag is employed chiefly on account of its non-magnetic pro- 
jxjrties for castings used in electrical engineering work, such as 
alternator coil supports, busbar chambers, alternator end rings and 
})lates, oil switch covers, resistance grids, ctible (iamj)s- and supports, 
transformer covers, etc. 

It has a tensile strength of about 0 to 11 tons yxir sq. in. and a 
transverse strength on a I X I in. square bar with 12 in. centres of 
24 cwt., as compared with 21 cwt. for ordinary grey cast iron. It is 
also superior in toughness, the Izod impact t(*8t value in ft. -lb. (for 

* Vide also “Report on Austenitic Cast Irons,” High -duty Ccust Irons 
Research Committee, Inst. Mech. Engrs., 1941. 
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Noniag has a maximum magnetic ^xTuieability of 1*03 (cast 
iron, 240); specific resistance, 150 microhms per c.o. (cast iron, 05); 
temperature resistance* coefficient, 0*00045, l)etwecn 0 C. and l(K) C., 
})er degree C. (cast iron, 0*0019); cm*t!icient of linear expansion, 
11*9 X 10"* per degree C. (east iron 10*6 x UH), and s|)ecific gravity, 
7*2- -which is the same as for grey cast iron. 

Ni-Besist. This is an austenitic irnn develo|X}d for corrosion- and 
heat-resistance. It has the folloAiing percentage range of composition : 
(\ 2*6-32; 8i, 1*2-1*5; Mn, 0*8-10; S, 0*12 -OK); P, 0*2 0*40, 
Ni, 13*0-16 0 : Cu, 6*0-8 0; Or, 2*0-6 *0. 

This metal is greatly sup'rior to ordinary (‘ast iron in resistaiun* 
to corrosion attack by most acids and other corroHi\e mediums. Thus 


Fk.. At TOMoiiiLE Kn(.ink Kxhat’st Mantfot*!) r\ “Ni UEsisr” 

Ikon 

the relative losses of weight per unit area })er unit of time of Ni-Kesist 
and ordinary east iron under the action of 20 per cent hydrochloric 
acid were 62 and 11,180 res]K*ctively , for 20 }kt cent sulphuric acid, 
41*8 and 13,720, and 20 j)er cent nitric* acid, 7,830 and 10,092 resp*c- 
tively. For sea water, the relative figures were 6*2 and 23*2 resj)C*(*tively. 

Mi-Resist has also excellent heat-resiMing pro|K rlieH, not^»nly on 
ac(‘ount of the resistance to oxidation of the matrix, hut also Uwaiisi* 
tht* amount of combined earlxm normally found in the n»eial is lou 
and no structural change takes place on lieating; it retains its 
mechanical strength prof>erties at high t<*mperaturt*s to a considerably 
liigher degree than ordinar}^ cjist irons. 

The tensile strength ranges from 13 to 17 tons pT in., with 
1 to 3 jier cent elongation. The elastic modulus is 16 to 19 x 10* Jh. 
I)er s(p in. The transverse modulus is 22 t/oris per H(p in. The Prinell 
hardness varies from 140 to 200. The Jzod ini]>act resistances f<»r a 
1*25 in. diameter bar (modificHl Izo<l t-est), is 52 ft. -lb. at room t<*mp*r- 
ature. The metal is non- magnetic and has a high electrical resist a ruic, 
namely, 135 to 140 microhms per c.c. 

Ni- Resist is extensively uhc*<1 for castings liable to high-U*mfK*rat ure 
t’xposure conditions. Typie-al instances of the ust* of this metal include 
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burnor jiartK, su[K*rhi*ater tube spacers and hangers, soot-blower 
nf) 77 I<\s, Diesel engine heads, combustion chambers, throats and flame 
plates on light alloy pistons, furnace doors and grates. This iron has 

also been used vith satisfactory re- 
suits for valves and valve seatings 

^ ^ of internal combustion engines. 

yicrosilaJ. This is another more 
recent heat-resisting cast iron* con- 
taining about IS jKT cent nickel; 
0 [K‘r <'(»ni silicon , I -8 jier cent 
(total) carbon ; and 1 jjer cent man- 
ganese. The eomposition given is for 
a '‘soft” Nicrosilal iron. Where a 
harder and more resistant alloy is 
reipiired the chromium content is 
increased up to 3 cent ; the com- 
position can thus be varied to suit 
requirements. It is ex(‘eptionalIy 
n'sistant to growth^ and scaling and 
IS also v(‘ry ductile for a cast iron. 
In conse(|u<‘nce it is not lUble to the 
cracking on suddi^n heating and (‘ool- 
ing e.\fK‘rU‘nccd with certain other 
alloy east irons, such as tlie 5 to 
(i jKT cent silicon iron “Silal.” It 
has a higher silicon (‘ontent than 
Ni-Kcsist. It can Ih‘ run into sections 
les'* than in. thick, and such sections 
ran hr < <i.st frr(' from white or mottled iron. It is easy to machine 
and will give a line surlare liui.'^h whieh ran l>e burnished. 

Nu rosilal ha^ an elect neal resistivity of about Itk) microhms j>er e.e. 
'fhe iron h«is a t<»nsile strength ol about Ifl tons per sq. in. with 
3 |HT cent tdong.ition on a 2 in. gauge length. In the transverse bend- 
ing test it giV4«.s about six times the deflection figure of ordinary cast 
iron under similar conditions. The Hrinell hardness of the soft grade 
is about 110, whilst with the harder grades containing higher propor- 
tions of chromium the hardness value increases to 200 to 250. 

As this iron is austenitic its thermal coefticient of expansion is 
higher than for normal grey irons, averaging 1*8 X 10 ^ as compared 
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* tckil-chnmnum-Hilm*n Cast Jrons^ A. L. Norbury and K. Morgan, Iron 
and Stool Instituto, S<'pt<*!ula'r, 1932. 
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with 1-4 X 10-"® for pearlitic irons. It is practically nou-magnetic and 
has a low thermal conductivity, this being of the order of 0 083 as 
compared with 0-110 to 0*137 for grey cast irons. 

Deflection tests made by the British Cast Iron lU*search Association 
at high temperatures showed that Nicrosilal retains its gooil mci-hanical 
properties at high temperatures to a greater extent than onliiuiry cast 
irons. For example, a good -quality engineering cast iron containing 
3-1 per cent total carbon and 2*0 pc^r cent silicon showed a deflection 
of 0 9 in. after six days at SbO"" C., while a Nicrosilal tost piece had a 
deflection of only 0*08 in. under exactly similar (‘onditions 

Nicrosilal is employed lor furnace parts, special ingot moulds and 
bottle moulds, suiierheater castings, furnace gi*ids, aniu-aling pots, and 
numerous other applications where a higli resistance to oxidation and 
growth and high resistance to teinpcTatiire etfects arc requiretl. It 
IS interesting to note that this metal can be surface liarden<*cl, the 
hardness on the Brinell scale being about 450. 

Nimol* This is another heat- and corrosion -resistant cast iron 
containing about 75 jier cent of ordinary ciist iron, 4 per cent chromium, 
and the balance Monel metal. It is harder and wears b(4ter than brass 
and can be used in place of the lattt»r. It is strongcT and tougher than 
c<iht iron and withstands the destructive inflects of Unniierat ures up to 
600 C. and does not suffer from growth at these trmjM»ra1 iirc-s ; 
intricate castings may be made of Nimol as readily as with cast 
iron. 

It has a tensile strength of 9 to 12 tons sq. in. with about 
2 })er cent elongation. The Brinell hardness is 200 (minimum). The 
sj)ecific gravity is 7*686. The shrinkage allowance for pattcTns is 
S in. per ft. The <‘Ie<*trical resistivity is 94*77 microhms per c.c. and 
permeability 1*4. 

Nimol may be used at red heats over long ])eriods without the 
disadvantages of ordinary cast iron. Thus, a sample of sjK-cialJy good- 
quality cast iron after thirty days at 600” (\ was found to have lost 
37 })er cent of its strength and had increased in volume by 5 per cent. 
Nimol, under the same conditkms, actually showed an increase in 
tensile strength of 3 per cent, although its volume hfwl decreased 
by 0*4 per cent, so that tem[>erature effects up to 600^ C. may be 
considered to be negligible for all practical purposes. 

It may be used at temperatures up to 850” V. for industrial purposes. 
Nimol is also strongly resistant to corrosion by acids. Thus, in the 
case of tests made with 5 p<*r c«nt sulphuric acid the loss in weight of 
Nimol was only 1 per cent of that of cast iron during the same period. 

* Ni -Resist has now replaced this alloy cast iron. 
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Inocolated Cast Iron 

If, irintcud (»f adding tlio Kilicon with th(‘ pi^ iron and scrap when 
making' cast iron, it is <TUsh<Ml and introduced to ttie molten metal, 
a marked iinf)rove!nent in the (juality (»f the iron is produced and the 
pro<luct is termed “inoculatcti iron.” The method mentioned gives 
fdain irons of higher tensih^ strength and also avoids white or mottled 
region. I in the iron.s, which in fiructice are n(*ar the margin on account 
of low carhon or silicon contimts. Th<‘ inoculation proce.ss enables 
iron.s to Ih‘ mad<‘ of lower carbon and silicon contents without being 
too hard, and thus gives higher Umsilc strtuigths; it is based upon the 
]>rin< iplc of adding a graplutizing element to an iron which would 
normally la* white or mottled. 

Th(‘ structure of such irons is tully {>earliti(* with relatively tine 
thikes ot gra]»hit<‘ Example's of sjMK'ial irons made by this process 
are the M<sdianit<' an<l Xi-T(‘nsyl. These irons are UHi*d for various 
engiiHSTing castings where high slress(‘s occur or where reduced 
HiM’tions are retjiiired ami ductility is not essential ; these sjw^cial irons 
give uniform firoperties in varying sections. 

MvihiUiitv (UiHi Iran. Originated in tlu' U.S.A., the Meehanite 
process giv(‘s a low-carbon iron, nmdensi gr(\y, trom a white or mottled 
iron by the addition of a carbon-fr«M* siliculc, (*.g. calcium silicide. 

A topical pt'r(‘entag<* anahsis is as follows; Total <\ 2*0 to 2-13; 
combined <\ 0'72 lf» OlMl, Si, I -35 to 1 -30 ; Mn, 0S7 to 1*05 ; S, 0*04; 
P, 0*15 to 0 10. 

Such irons give a tensile strength (»f 2(t to 23 tons j»er s<|. in. and 
HrimOl Imrdiavss up to 5tK) in the highest grad(‘s. 

T(*st,s* made from s(‘parutely east bars ol 1*2 in. diameter, machined 
to 0*70Sin. diameter, ga\e a mean modulus of rupture of 30*7 tons 
per s(j in. and detlcction of 0*32 in. , another sjHM imen machined to a 
diameter of 0*5(>4in. from bars of 0*S75in. diameter gave a modulus 
of rupture of 42*8 tons |ht sq. in. and lielleetion of 0*15 in., with 
average tensile strength of 10*0 tons per sq in. 

Fig.40shows the structure of iron made by the Meehanite process, the 
section being etched with picric acid; the dark regions show the rela- 
tively small graphite flukes, hlvaniples of tests made to demonstrate 
the ductility of piston ring.^ made by this process are show'n in Fig. 41. 

Thert‘ art* fivt* ])rocess Meehanite irons, designated *4 , /I, (\ 1), and 
K rt'stieotively, giving a range of mechanical pro])erties and wear, 
heat and corrosion n^sistaiu'es. The mechanical proj>erti©fl of these 
irons are given in Table 12. 

• noM4opn\oni8 m Ciwt Iron,” .1. («, IVarce, Tht M€tallurg%»t, 

February March, HUS. 
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TABLE 12 

PKOrERTIES OF MeEHANITE IrONS* 
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Mc('hanit(* irons luachiiu* in a similar manner to grey cast iron, 
hill are free Ironi white edgtss an<l hard spots. 

Ni-Tni.'iijl Iron. This spetaaJ pro- 
e<' 5 >s (dst iron is characterized by its 
liigh strength and hardness, although 
M tt can 1)0 machiiH^d without diihcultN. 

The table gi\(‘n below shows the pc'r- 
c(‘utage compositions for the ])Iain and 
lieat-in‘ate<l irons. 

The tensile strengths of the plain 
and heat-treated irons are 25 and 
30 tons jier sq. in. respectively. The 
^ Brinoll hardnesses are 230 and 400 

I — cast) respectively 

£n regard to the lieat -treatment 
pru(‘ess the metal is heated to 850° (’. 

t HI. iL’ Smvll ViKtOOKCe 4 u 1 • I I • 

El IKOL Ksi.iNK CVUNOKKIV quenchcd m oil, after which it is 

Ni L reheat4*d to 350° C. and quenched. 

i^Mfusrg .s. itu«i>tu iMi) . ^si-Tensyl iron is used for all 


• 2>1 2 a 1 2 .“, -I 7.-> I 2 :> M75' 0 5^ 1-0 0-3 , 0 J2 (mux.) 


^(lu'a"tr.l»l«lM - a5-3 r, j 0 .> t o j 0 3 0 12 (max.) 


• Mft'lmmto Motul <\>rp>rHtu>i\. U.8 A 
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purposes where a high tensile strength combined \\\ih reasor.ablo 
hardness and machinability are requned; the lieut- treat able grade 
lb machinable as cast. The plain grade mentioned is esjH'ciallv 
suited to the manufacture of large press dies for drop forging, 
stamping, etc., whilst the heat-treated iron is employed for light 
blanking dies and small press dies. 



Fn 13 EmmflThvssin Pmmsst’vsi Ihos Pi< kk A< m» I.uhio 
Tm ({iiArjim is j'lnsisr in FfNl-J^ ( i iti ? i» Immim 2oo 

Emmel Iron 

This special cast iron, prcxluced at the Thyssen works, Germany, 
is based iijion the use of an iron witli a carbon (ontent of 2*2 to 2 8 
|K*r cent and a silicon one of 2*3 to 2*0 jn^r (rnl, the nM‘ta] being cast 
at a higher temperature than usual and ])oured from the cnjiola into 
dry sand moulds The phosphorus content m maintaiiuHl betw<»en 0-1 
and 0*2 per cent. 

Steel and wrought -iron scrap are used in making the iron. The 
structure of this iron is shown in Fig. 43. 

In regard t^o the strength of the Emmel iron, a bar of m(‘ial cast 
^o 1*2 in. diameter and machined to 0-564 in. diameter gave a tensile 
strength of 20-8 tons j)er sq. in. The percentage comjMisition of the 
metal w aa as folio ws : Total C, 2-63; combined C, 0-71 , silicon, 2-63, 
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Lanz Iron 

This irt anotluT sjK^cial hi^h-tf*nsile ciast iron used for cylinder 
barrels and liners, etc. It ha'^ a low silicon (;ontent and is made by a 
inetho<i which <‘or»tr<)lH the rati* of cooline during the casting process, 
in order to obtain a ]w*arlitic structure; the resulting metal shows 
jK^arhtc viith lira* ^raphitt* flakes, uniforndy dispersed. An average 
jx^njcnui^'^e eofnposition i.s as follows: Total (\ .*h() ; Si, 0-9; P, 0*35; 
Mn, 0 7. 



Kn. 44. (.AN/. I’ho<’Ksv, Cvsi Ikon, .smowino (iKA»’l^’l^ and IM.aui.itk 

• .‘>00 

Piwowarsky Process Iron 

I’his iiH'thod of pro<lucmg a heat -treatable cast iron eniplnys an 
iron havimr a nickel and chroiuium content, the molten metal Ixung 
subject to higher temjK*ratures than usual; after easting, the metal is 
subjeete<l to a s|KH*ial heat -treatment in (»rder to develop its high 
stnuigth projH'rties, In this connection,* tensile strengths uj) to 
47 tons |H‘r sq. in, have b<H‘n obtained. 

I'lie priiu'ipk* of th(* method is first to produce an iron having the 
primary graphite tiiu'ly tlivided and then to heat-treat the iron so as 
to prodiKH' a matrix of .sorbitie pt^arlife. The carbon and silicon 
content t)f tlu* inui is adjustcnl so that the iron would solidify in the 
moulds in the white or mottled condition. The amount of silicon is 
kept low to avoid ferrite formation during cooling. The iron is subjected 
* The January, H)26. anU Auicnisl, 1927. 
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to all “annoaljn^’’ j)ro(*(\sH to complete* ih<' graphite formation by the 
Hplitting up of the hyjier-eutectH* cement ite The annealing of the 
primary graphic* is carried out in a lurnace at 925^ C. to 950 C. 

As soon as the (‘astings attain this temperature the heat is shut off 
and they <*o<>I down slowly. For further heat -treatment intended to 
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NICKEL PER CENT 

1*1(3 47 Sncmisis i oi- Niewn. and SiLico'i on i iu 


('(iNsim 3 KIN S'! rui <!'M (’aht Ikon 

1 IViiTlito ♦ ViiHtmiti ( <‘in( nnt< Knt<(tu 
•J I’cHilifc^ t i*ri) t utiH (did < ( iiK ntitc ‘ (inphitc 
l INurhto <i! 

4 S(irl>lt« 3 Ori{»hit( 

.» MartiMiHltt* t iiTuphito 

\UKt4'nito * (•rui»hit(' 

produce fi sorhitio ground mavSs the <*astings are reheated to a temper- 
ature about 20 C. above the Ac 3 critical point, i.e. 820 C to 850 C , 
and quenched in oil, Thov are then tenifiered by reheating to 040" C. 
for about 30 inin. <ind (]ucn<*}u*d in oil, tinnily being subjected to a low 
tenqx'rature annealing at 4*50 C in order to remove hardening stresses. 

The microstructurcs of ordinary and heat-treated east iron by the 
Piwowarsky pro<‘ess are shown in Figs. 45 and 40. The euteet ic graphite 
in some cases can only lx* n^sofvcd at a magnification of 500 diameters, 
a striking contrast to the coarse fiakes usually seen in cast iron. The 
ground mass after heat -treatment can only occasional l\ Ix^ resolved 
into a very fine-grained granular pearlite. 

Martensiiic Cast Irons 

These are hard varieties of iron containing martensite intended for 
use under conditions of severe abrasion for resistance to A\ear; they 
are very hard and ilitficult to machine as a rule. 
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The addition of 6 lo 7 jier cent of nickel will give the desired change, 
first from a pearlito matrix into sorbite and then into martensite; 
the combined carbon is normal and the frac ture is gre;^ . 

The effect of the nickel in conjunction with silicon uj) to 4 ]ht cent 
upon the constitution of 3*5 per cent carbon iron is illustrated in Fig. 
47, the shaded areas of which indicato the ranges of unniachinability. 

There are two classes of martensitic iron, namely : (1) That in winch 
the eutectic filling surrounding the primary grains is allowed to 
solidify to the white or cementitie (*ondition; (2) that in which it 
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solidifies grey or graphitic. The latter condition can be obtained in 
the cast condition or pro(luc(*d by suitable heat-tr(‘alnient 

A ty[)ical martensitic cast iron has the following p<‘rcentage 
composition: Total (\ 2-95; Si, Mn, (HO. Ni, 4 S(); 0,1*55. 

riiis iron has a mean ooeUici(*nt of exj)an.sion of 10*38 x 10 ® j)er 
degree C. from 0' to 250^ (\ 

Automobile cylinders of thi.s iron giv(‘ several times the useful 
lif(‘, before re-boring or grinding is iH‘c*essary, of ordinary f>lain iron 
ones. Parts of grinding machinery are also mad(‘ of this iron. 

It may be mentioned that cast iron with smaller additions of 
nickel (generally of the order of 3 to 5 jkt cent) can, as in th<‘ case of 
stetds, be heat-treated so as to develop this sfHM*ially hard stnicture. 
This is of great advantage in the case of (‘astings wdii(‘h can be subjected 
to such treatment, though clearly it is aj)plicab]e only to simple 
castings such as cylinder liners. In such easels, however, a readily 
machinable casting can bo made in the first place which, after 
machining, can be subjected to a singh* (picnching oiKTation in oil 
or air followed by grinding to final size. AfU;r this treatment the 
castings posseas the usual properties shown by ferrous materials in 
the martensitic condition. 


H4 ENdINEBRINO MATERIALS 

Martejisitic ironH can lx* machined by uaing tungsten carbide and 
siniilar cutting tools* 

A lypiciil example of a niartensifie iron is that knorni a>H Ni-Hardy 
a niekel-ehrorniuni wbiU‘ iron of great hardness; it contains 4-5 per 
cent nickel and 15 {x^r cent chromium. 

Ni-Hurd has frofu b to 8 times the abrasive resistance of ordinary 
\vhit«’ cast iron ; it can lx‘ used as a hard facing or surfacing material 
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1o other cKst innis h\ welding processos 'ria* lensilo strengths of the 
2*75 and o per cent c.irbon \i-llard irons an* 31 to 3b and 25 to 27 
tons p(*r s(|. m., respeetively. tor the <*liilled sections and IS to 22 and 
13 t<» lb tons |K*r sip in. for lh<* iirey core. The Brinell hardnesses of 
the chilled face are 575 and (>50 to 7tH> re.s|H*ctively. 

Applications o! Martensitic Irons 

TIu* i/rc// imrtvihvtk iron is employed for i‘astings of automobile 
c ylinder hnc'is , grinding machine rests and drums ; 8cra]x*r bladt*s and 
ash-handling [lump iin|K‘llers and wear plates. 

The grades of grey marteasitie iron in whic*h the* martensitie 
strueture is clevelotx*d by htmt -treatment are employed for air-cooled 
mutor-c*yc‘le cylinders, liners for automobile cylinders; valve guides; 
earns for textile rnaehin<*r\ , die inserts; jig bushings; jigs and fix- 
tun*s, light blanking dies, forming and small press dies, etc. 

The ivhiU martcmitic iro/w, of which Ni-Hard is typical, are used 
for tish <lis(*harge deKirs, pump Ixxiies and im]x*llers ; ball mill trunnions ; 



('AST mON 


Hr» 

ball and rod mill liners, feerior lips and 8(*m>ps ; brick mould liurrs ; 
cable (5ar pulleys ; centreless grinding machine* blades ; clay pijH* dies ; 
concrete pump liners and jdangers ; dr(*dg(T jminp bodies and im]H*lIcrs ; 
dust-collecting valves; fan blades for pulveri/('d coal; mill balls, pan 
bottoms and plates; mill guides: mixer arms: mine car wheels; 
plough points and shares : pug kniv('s; pum})rams: metalworking 
rolls: sand and shot blast nozzles: tumbling barrel liners; stamp 
mill heads and shoes and s(Ta|)er blades. 



Fi(r. .“lO. Nor Moi Li> (’AST litoN. SifowiNO Lamj r,f \n Vi 
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Hot Mould Cast Irons 

l'h(*se irons consist of medium-carbon low -silicon mixtures jiroduced 
in preheated nmuJds for the ])urj)ose of delaying tin* rab*- of cooling. 
Tv])ieal exampl(*s of such irons are those of the ])re\iously mentioned 
Lanz and the i>iefent haler. Tin* silicon ]>n)])orlion em])l(»yed, the mould 
tem|K*ratiir<‘ and medal s(‘etion are adjusted so as to give a uniform 
all-pearlitic structure in various sha|)c*8 and sizers of sections, l^sually, 
the amount of silicon employed varies inversely as tin* thickness of the 
casting section, but normally it is lower than for ordinary irons. The 
mould temperature d(K*s not generally exc(*ed to The 

tensile .strengths of such irons are from 14 to IH tons pcT sq. in. 



86 


BNOrNEBRINQ MATERIALS 


The following i« a typical percentage composition for an iron used 
in the Diefenl haler prtx'oss: Total (\ 3 00 ; combined C, 0*74; Si, 
0-46; Mil, 1-15; S, Oil; P, 014. 

A bar I in. .square by 0 in. long, cut from the casting mentioned, gave 
a tensile test of 1 3*S tons jkt .sq . in . on a gauge length machined to 0*564 in., 
the Brincll hardness on the* end of the tensile specimen being 201. 

For a separately c‘a.st bar of metal, 1*25 in. diameter and 18 in. long, 
of sirnilur analysis, when maeliiiu'd to 0*798 in. diameter, the tensile 
.Htnjiigth was 17*3 tons {)cr s(|. in. The Brincll hardness was 223. The 
bar ga\e a inoduhis of rupture in a transverse test of 33 tons per sq. in., 
the delleetion at fracture Ixdng 0*39 in. 

A sjHH'ial leature of hot mould irons is their low growth \ this is 
<’onsiderabIy h‘ss tlian b»r sand easting.s. Thus, in the case of some 
eomnu'n ia! hot mould ir<»ns test;f»d by (’. E. Pearson, two castings 
w'ere heat4*d foi one luair at ttOtf (/\, the* proe(‘dure being repeated forty 
t!rn<*s, when the inen^asi* in volunu* measured was 5*5 per cent. OUkt 
san<l eastings in (‘omnuTcial irons show'csl inereases of 16 to 37 per cent. 
The iron in (jiK'stion eoiitain<‘d 3*33 p<T eent 0 and 0*48 per eont Si. 

Tliesc^ iron.s an* used for steam and Diesel eylind(*rs, heads, liners 
and fiistiHis, turbin<‘ eastings, g be<lplat<‘s, I P. and L.P. casings an<l 
diaphragms, etc. 

Other Special Cast Irons 

It i.s not p4)ssibl<*, owing to space considerations, to deal with 
several other s|X‘(*ial grades c»f <*ast iron enifiloyed for particular j>ur- 
poses, but (he tbllowing is a convenient .summary of the more important 
of t h(*se irons — 

1. lligii-silicon I'ast iron with 4 10 per eent .silicon for heat resist- 
an<‘e, known as “Sikd ” 

2. High-silicon ca.st iron with si!i<*on present up to 13 IS per eent, 
brittle but highly rt'sistant to acids. 

3. lligh-ehroinium (*ast iron, t*ontaining 20-35 ]kt (cnt ehromiurn, 
used for heat- and eorro.sion>resisting (*astings. 

4. High-aluminium cast iron, for heat-resisting ca.stings, containing 
idxait S jH'f eont aluminium and also some chromium. 

5. Irons cemented or otherwi.se surface-treated to j)rodu(*c sfieoial 
skin projiortie.s for resisting heat or wear. 

6. Nitrogen-hardene<l cast iron: irons of sjKM*ia] composition 
oontRining 1 *5 *2 0 jior cvnt each of alumiiihim and chromium are 
submittc'd to a s|H'eiaJ treatment to produce a very high 8urfa(‘e 
hardness (diumoiKl) of the order of 1000 Vickers diamond hardness. 
These irons are dealt with in Chapter VII. 
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Growth o! Cast Iron 

When graphitic cast iron is subje(‘te(I to rei)eate(l hoatiiitr to 
moderately high temperatures and coolings it is fouivl to incrcas(‘ in 
volume, this effect being a permanent one. From tlie point of \io\v 
of internal combustion engine cylinders, exhaust manifolds, furnace' 
bars and castings, this property is a (lisadvantagenns one. but fortun- 
ately it has now l)een overeome to a eonsiderable dc'gn'e. It is bt‘|jcve<l* 



Fk.. .“>1. Si.( rioN Oh ‘ (iiioux ” Cast IKON Asm l‘oi, 
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that the permanent increase in volume is due to the oxidation of iron 
silicide in solution in the iron, with tiu' jn-odurtion of ferric oxi<l<‘ and 
silica. x\hich occupy a greater volume than the original iron 
the oxidizing gases yMuietrate through slits existing l)etu<‘<*n the 
graphite Hakes and the metallic iron in grey <*aHt iron. 

Apart from the oxidation th<*(»ry, most investigators agree that 
the gases dissolved in the iron may, under c<'rtain conditions, play an 
important part in promoting gronth, esjiecially where* the silica 
content is low. It has been found that a fluctuating tern|KTature 
resulte in fi greater degree* of growdh than a stewly temperature. The 
greatest growth occurs when the range f)f temiK*rature iriclud(*s the 
a to y change of the iron. 

* A r6suin<5 is giv<*n in thr* BullHin oj the fVi/r/ Iron lienejarch AHSoruttion for 
April, 1928. 
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The growth of grey < ast iron ha« U'eri known to (jaiwe an ultimate 
iiiereiise in volume by as much a« 30 pt'r cent, in extreme cases, as 
whon castingH liave Ikm-ii rejM^ateiily heated to tein})eratures of 850^ C. 
to 9r»0 (\ and coo!<*cl. 

1’h(^ growth oi cast iron at teinfxu'Htures below’ the criti(?al range is 
!nu(*h less marked, but it has lM‘en noted in parts exposed to super- 
lieated steam at 3<K) ('. Alternately heating and cooling is not so 
»‘SHen!i;il for growth at lo\\(‘r temperatures. The results of 

l)onald^oTl and others iiaiieaie that at first the (lec(>m]:x)sition of the 
(Nirbid** IS r<-^pon.sil>l(‘ l»)r a good deal of the growth, hut that at a later 
stag!* tlie effect of <>\ida.tion atrain beeomes pronouiK'ed. For this 
n'a.son it is important to hav(‘ a stable carbidt^ present in east-iron 
p/irt.s oftaigmiMTing mat(‘rials which an‘ subjected losucli temperatures. 

77e rrf/i nf which (jrmvth takes place in<uj /a minimized by e.vercisiug 
control ov<*r the comjiosition of the iron. Broadly speaking, composi- 
tions f<> Im* aime<l at arc tlio.se whi(‘h t(‘nd to produ(‘e chill. Iaov carbon 
aial silicon contents are advi.sable. High .sulphur is not de.sirabl(‘. 
ah hough it apjH'ars to retard growth exeejit when ncutrali/.iHl by the 
presence of mangan(\se (h‘tH*rally speaking, phosphorus is very 
undesirable when iIk* east iron is to 1)(‘ u.sihI at (exceedingly high 
t(‘m|KTat uri'N S(H) (\ to tMH) (\ but at low w(*rking t(‘mperatures 
its prvs(Mic<‘ i.s .said to b(* advantageous. 

.Many inv(‘stigators hav(‘ addisl various sp(‘cial tdi nuMils, such as 
ebrommm and tungsten, to cast iron, with a view to .stabilizing the 
carbide. It is b<e|ieved that (liromium t‘\<'rt.s .i d(‘(‘id(*dly Ixuietieial 
influence in retarding growth, hut tiu limits within w’liich it may be 
atlded are very narrow. 

Some of the more ri'ceiit alloy east irons im'iitioned pn'viou.sly, 
such as jMicr(»silal and liot mould cast irons, experience verv little 
growth, dii(‘ to their sjiccial eon.stituents. Th(‘ austenitic irons po8.se8s 
excejdionally good growd h-n*si.stant ipialities. This is illustratied by 
the results* shown in Fig. o2 for an ordinary iron (A) and austenitic 
iron (li), subject to the sauu* luMting and cooling cycles of F. 

for S bour.N. After 4tt cycles it will be seen that the grow’th of the 
aiisU'uitic iron is <uily about one -fourteenth that of the plain iron. 

In ordi'r to take account of ‘^growth” in auttunobile and Dhxsel 
engine castings, such as evlinders, pistons, and liners, it is usual to 
subject th(' castings to a sea.soiiing process which often consists in 
iieating them to 75d C’. to 850 C. and allowing them to cool slowly 
in the furnace after the heat has bt'en shut off. Afterw^ards the 
civstings art‘ pla(*t‘il aside for a |)eriod of time of one to three months 
* Vaniok ami Merica. 
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in order to allow any permanent gnmih to occur. The i astings are 
then machined and placed in service. 

The process in question not only obviates the eft’ccts of growth 
hut also relieves the material of the efiects of casting stresses and 
chills. In some instances, e.g. for east-iron pistons, these are first given 
a rough cut to remove the surface skin and then subje(‘ted to the 
seasoning process mentioned. 



NUMBER or HEATING AND COOLING 
CYCLES (1500 DEG F. FOR 8 HOURS) 

Ki(.. .‘)2. Illcstratino (Jrowtit op (Hsr Ikos*^ I. Orion ars Iron 
/ i, AiH'ihNiTK* Iron 

Centrifugal Castings 

A method enifiloyed in the prodiK'tion of callings of hollow cylin- 
drical form in order t(j ensure f)erfecl homogeneily and lre(‘dom from 
gas inclusions and other defects utilizes centrifugal aclion to attain 
these (jualities ; it is used j)rimarily for making piston rings and cylinder 
liners for internal combustion engines. 

A com])ariaon of the (»rdinarv vertical sand casting and the c<*ritri- 
fugul casting methods is illustrated. In Fig. oil {A) the <lelects ol the 
vertical method ol easting liners in a mould are shown. The molten 
metal in the mould begins to solidify almost simultaiusiusly on both 
the internal and external walls, and solid walls of metal are formed 
'^ith the liquid metal remaining in Indween. As the solid metal in- 
creases the gases are concentrated in the still remaining licpiid jHirtions 
of the metal in the centre of the nulial thickness of the easting, and if 
the concentration reached is high enough, the gawNs (*volved must 
cither find their way out through the wdiole length of the* (‘asting or 
Ije entrapjied in the radial thic’kness of the wall. 

There is also a tendency for the insoluble constituents, such as 
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inangaueH<^ sulphido, to sc^grogate into the last portions of the liquid 
metal to solidily. This exjilains the segregations found m cylindrical 
etislingH in or about the e<‘ntre of the radial thi(‘kness. 

In the* (*<*ntrifugal metliod (Fig. 53 (B) ) the inner surface of the 
rnetal is the hist to solidify. 

In the <‘entrifijgal proees^^ tlie mould is tilled with metal in a diree- 
tioii <it right angles to that in w hieli th(‘ filling takes place in the vertical 
sand mould, and solidification of the metal eoinmenees from the outside 
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surface onl\ and firoceeds across the radial thickness of the (*.i sting 
progress! v(‘iy until the whole is finally solid , the inner surface layers 
bt'ing tlie last to solidifv . At the instant solidification conunen(*es, the 
metal lying <igainst tlu* mould wall is liquid and has acquired the rota- 
tional velocit \ of the niotdd. Under these eonditions a centrifugal pres- 
sure gradient is established across the radial thickness of molt^'ii inetaL 
t he prt'ssure being at a ma \imum in t he outside diameter laytTs of molten 
metal and zero on the extreme inside diameter layers This maximum 
prt^ssure is often of the order of 500 lb. per sq in. The dissolved gases 
lilKTated by the solidif) mg, layers, whi(*h first commence to solidify 
on the outside surface, must make their way through the radial 
thickness of htill liquid metal; this is a much shorter path than the 
vertical length of the easting in the vertical sand casting case. It is 
therefore' praeticMlly impossible for blow-holes or internal unsoundness 
to exist ill c.istiugs made by tins method. 

8pun-8orbitie eyiindrical castings, such as are ))roduced on the Hurst 
machine (Fig. 54), an^ made by the centrifugal proeess from low -silicon, 
low carbon irons having the maximum carbon content for inachin- 
ability. The method uses a refractory sand-iined mould placed m a 
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(ontniiur whidi (<ifi Ik rotdt((l at the de^red sjK*ed In this 
w/iv <vl»nd(r liiurs h)r and other tv]x?s of engine can be 

jinxludd of sdiind stnntun aii<i fioiiiogtneous When the metal is 
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illowtd (o to<iI down slouh tlu < onilnned (aibon is m the jK*arIitie 
u>nditu»n The (ast iron thus oht lined can Ik hardened h\ qiuiuhing 
tioin the ippiojinate tem|Hritun m water owinix to the martensitic 
strut turc cd the uu t d It tlu latc of luolin^ is h«isttncd somewhat 
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above the normal an inteimediatt '<oihitu b<t\u<n \h tihfe 

and martensite is obtuned still lictly inadiinable In this picuesw 
tin (astmg durmg cooling is snhjtctid to th(‘ action of a mi 
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air blast, suitably regulated The hasti ned (ooliiig n «nlting from 
this treatment results in this sorbitu strurture this is distinctly 
advantageous, as it is highl} resist uit to wcai 

A typical piToenfage (omposition of a hjmui soi}>itn ( isting is as 
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foJlowH: Total C, 3*(K); combined C, 0*97; Si, 1-31; Mn, 0*42; S, 
(cl 1 ; 1*, 0-34. The tensile strength of rings made to B.E.S.A. Specifica- 
tion No. r><K4 vari(‘H from about 2(> to 29 tons j)er sq. in. Austenitic 
irons anj also uwsl for centrifinral castings. 

Loded ” Cast Iron 

This is an “all |K*arliti(‘” cast iron, free from any ferrite, having a 
high sill((»n c<»ntenl, nani(4y, from 2*5 up to 7-0 jkt cent. Many 
castings of “ loded ” iron have silicon contents of 4-5 to 5*5 j)er cent, 
stabiliz<‘d by 1 to 4 per cent of chromium, adjusted to the silicon 
content and sc(‘tion of the castings to ensure the “all-pearlitic” 
structure^. 

The silicon and chromium may be replaced u holly or in part by 
manganese*, nickc*!, copjicr, or molybdenum ; in addition, small amounts 
of tungsten, \aiiadium, or titanium may Ik* used. 

lioded ” irons* jio^scss gr(‘at stability under high U*m|)erature con- 
ditions. 'fhey have the good liearing metal qualities associated with 
gicy cast iron, favouring the* bolding of the oil iilm upon their working 
surfaces. They also have tlie property of quickly forming a w'orking 
skin whi<‘h strongly resists further wear. These irons are resistant to 
acidic attack, this resistance increasing with the silicon and chromium 
conlc'ut. TIh'v poHsc'ss a medium tensile strength, namely, about 
17 tons |K!r sq. in., at the present sUige of development, for a 5 per 
<*ent silicon iron; the brittleness, however, increases with the silicon 
con1<*nt . 

The* “lodecr’ irons have a high natural hardness. Whilst ordinary 
grey irons hcc-omc* machinable at about 280 Brinell hardness, “loded” 
irons of 300 to 400 Brinell will machine satisfactorily. 

These irons, owing to their jiearlitic structure, have excellent 
wearing cpialities whieli, eoupled wdth their high heat resistance, 
n‘nder them espcH'ially suited to appUeations sueh as internal com- 
bustion engine (’vlinder piston rings and liners; the latter are usually 
of the spun or eentrifugally east type. In connection with the manu- 
fa(‘tiire of the.se “loded” irons it may lie mentioned that they can be 
pnxUieed with the usual foundry plant, although metallographic 
control is essential. In their manufacture it is desirable to aim at the 
iiK'lusion of a small amoiuit of cementite rather than the more exact 
pure jx»arlite and graj^hite structure alone, since in the latter case 
there may be some risk of ferrite inclusion and, in consequence, of 
much reduced wear and heat resistance. 

* Cast Irons,” H. J. Young, Proc, lnst» Manne Engrs., December, 

loan. 
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Cast Iron for Piston Rings 

Hitherto plain cast iron has been used with satisfactory n'sults, in 
regard to wear and elasticity, for piston rings of automobile engines. 
The B.E.S.A. Specification* for the material of piston rintrs of cast 
iron for sand cmtimjs is as follows : Total (\ ;b.>0 (max.) , combined C, 
0-55-0-80: Si. 1-80 (max.): S, (M2 (max.); l\ 1(K) (max), Mn. 
0*40-1*20 (percentages). 

For chill castings the ]KTcentage composition was: Total ('. *br> 
(max.); (‘ombined (\ 04r)-0*8(); Si, I SO 2r)0: S, 012 (max.) 
P, ] 00 (max.); Mn, 040M-20. 

The combined carbon, ii|Km which the jx'arlitic viructure de|Hmds, 
is governed by the rate of cooling as W(‘1I as the c(m\]msition ; the 
formeT factor, in turn, depends uj)on the tliic kiH^ss of s(‘ction and tyj)e 
of mould, i.(\ wliethcr of metal or sand. The result ir^L^^ me(*hanieal 
proiK'rt i(\s, however, for the sjaaitied composition are ih(‘ goM ruing 
consideration, and in this connection it is usual to sp(‘cifv a tensile 
and also an elasti<‘ity test. 

For the tensile test a tt\st riim is cut from the ])ot to an approxi- 
mat(*ly s(juure section, or to that of th(‘ tinish(‘d piston ring. It is then 
spilt and pulled apart in a testing inaehim' by a load applied at op|K)site 
ends of th(‘ diameter, which is at right angles to that through the gap. 
It must withstand a stre'>s of at least l(» tons pc'r s(| in. hefon* fracture 
as calculated In th(' lorniula 

VM)br^ 

where S - stress in tons |kt sq. in., 

1) external diameter of ring in inclujs, 

P load in j)Ounds, 

h - width of ring in inehe.s, 

t -- radial thickness of ring in inches. 

The flimensional s])ecification8 of piston rings involve tlie maximum 
and minimum cylinder wall pressures exert (^d by t lie rings, as ealeuluU‘d 
from a formula having an elasticity constant determineil under .sjK*eified 
eondition.s. The elasticity thus obtained is referred to as the Kn value, 
and must not be less than 15*5 million lb. jxt sq. in. 

In the case of centrifugal ly cast iron the value of En is generally 
exceeded by 1 to 2 million lb. p<T sq. in. 


SiK 5004 ( 1027 ) 
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'rh(‘ formula (‘rn ployed is as follows — 

ry‘il\~- if X e 

„ i' ' 

bfj 

where Eyt elastieit v in Ih. |M‘r s(|. in. ; Q , load (lb.) to close ring as 
indicated hy gunge; d m(*an extenial diameter of closed ring; 
h hr<*adl h, and / radial thickness of ring in inches. ~ difference, 
in nu }K*.s, in th<* length of the gap caused by the load Q. 

I’he t!iethod us»»d is to take a cinailar ring blank from which has 
txM-n rna< hin<‘<i a pi<»c(* so as t(» leave a gaj» of 2*75 to 3*0 times the 
ladial I hickiu sv,. ring is {oa<ied by diametrical load. 

More ree<‘ntly, piston rings have* been made not only in cast irons 
sneli •j', rolar\ furnac(‘ synthetic cast iron and heat-treated grey cast 
iron, blit also in alloy cast irons, including those containing cop|:)er, 
nioK hdianini, cliroininni, and nickel. Typical examples of thes(* are 
Xi-Tb'sist, Meehanit«(‘, nick<‘l low silicon cast iron, and brilybdeniim.* 

Cast Iron for Dies 

Cast iron is (unfiloved in in.stances wh(*n‘ tlu‘ duties of dies are 
r(‘latively liglit, or tin* life required is not great. For heavier duties 
and [ongi'r litt* alloy ste<*i di<\s are gt'iierally (‘inployt‘d. 

1 he irons used for di(‘H are ehietly the alloy ones, ineluding thos(‘ 
with nieki'I and ehroiniuni c< mt ent . Ni-l\*nsyl is a iv])i<’al example 
ol an alloy iron used for di(‘s. 

The naoinmendi'd alk>y vi\s{ irons for various kinds of dies an‘ 
conveniently ilas.sitied in Table 13,t 

tor smaller dies sueli as thos<» u.sed for small (‘liannel seetions, 
brake drums, etc., th<» irons given in V and VT are employed; the 
pnxiuction rt'snlts show tha.t the heat-treated irons are ten times lietter 
than ordinary east iron, and sometimes etpial those of steel dies, 
although inueh elu'iijH'r to employ than the latter. 

Thus, dies of this ty]X'dmve drawi\ lb,(KK) to 1S,(MH) fender and 
body blanks as compared with 3iK)0 blanks drawn on plain east-iron 
dies. lleat-trt'attHi dies of the alloy irons ])r(Klu(‘tHl 120, (HK) stampings 
with 3 hours drt\ssing ti!m\ whereas under similar conditions plain iron 
ones pnxlmxsl only 12, (HH) stampings with 20 hours dressing time, 
(^hassis trame.s and I’hannels have Ikh'h made with alloy iron dies 
(heat-treated), whilst radiator shells have also Ixaui produml with 
t‘very sat isfaction. 

^ Piston Hum (’o. Ltil., i’oventrv. 

t Allot/ (\tst into Dus. Itiiri'au of InforiiiatioTi on Nickel Pubheation. 
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Other instanrert of the successful use of alloy iron dies include 
tl»ort(‘ for blanking and pressing sheet metals, steel beer kegs, auto- 
mobile bum}KT8, wings, (loors and panels, steel brake drums, domestic 
utensils, and drop forgings. One important advantage of cast irons 
for dies and moulds is that the lattfT can be cast to approximately the 
linal shajK', thus saving a good deal of the expense attendant upon 
the die-sinking ojMTations employed for steel dies and moulds. 

Heat-resisting Alloy Irons 

Although ref(*renc(‘s hav<‘ Ijoen made in preceding pages to certain 
alloy irons fK)ssessing good heat-resistance qualities, it will be con- 
vr*ni(*nt , h<‘n‘, to summarize these metals. Their main essentials include 
tlu‘ retention ot strength and hardness at higher temperatures — in 
some <<iscs up to a red h(*at — combined with corrosion resistanc'e, not 
|S)SHe.ss(Hl to anything approaching the extent by plain irons. 

Austenitic irons offer a marked resistance to growth and oxidation ; 
typical examples an* Silal, Nimol, and Nicrosilal. The “loded’’ irons 
arc also notable for (luur heat-resisting propt^rties. Cronite,* a nickel- 
<’hromium (‘ast iron, is another (‘xample of a suilabh^ inui for high 
t<<utijM‘rat lire a[)plication. 

These irons are employed for (he lehrs in glass bottle making 
machines, bottle moulds, mushroom valves in producer gas plant, 
producer gas burner ])arls, t*\haust valv(*s and sealings for Diesel 
tmgines, burner nozzles of j)ulverized fuel and oil installations, pvTO- 
ineter sheaths, retorts for activated carbon manufacture, annealing 
]H>ts, muflle tuniace parts, grates for boilers and gas producer plant, 
test retorts, ete*. 

Iti reganl to th(‘ use of alloy irons for pulverized fuel nozzles, it 
may be mentioned that Cronite nozzles have lieen shown to last 
thirty tilings as long as east iron ni>zzle8 at 10tM)'('. (1832 ’ F.) and 
eastings of sui'h alloy irons will give* eontinuons service at lOSO^" C. 
tollOO^C. 

An aluminium-chromiuiu oiust iron, known as “Cralfer,^’ has also 
given exe*clleuit service under high temqKTature (X)nditions. Irons 
containing silicon and aluminium are liable to bt' brittle when cold, 
but much strong<*r at opiTating temperature's than pearlitic irons. 

Corrosion-resisting Alloy Irons 

These irons include the high-silicon ones, previously mentioned; 
also the high-chromium ones. Austenitic irons such as Ni-Resist and 
Nie'rosilal are alsei used in cases where plain irons are not sufRciently 
• ('riant o FoimUrv Co. TottonhAiu. 
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resistant to corrosion, being from 3 to 6(X> times as resistant as j>wirlitic 
iron, according to the attacking me<lium. 

High-silicon irons (up to 15 per cent Si) have used to a marked 
extent in chemical plant and are probably the most acid-resistant 
ferrous metals at present in use. The i‘iuslings are \isually given a 
low-temperature heat -treatment before use. 

High-chromium irons (10 jkt coni (V) eond>iiie a high n'sisUin<*e 
to corrosion with a similar resistance to lu^at and erosion : the\ are 
esptH‘ially suitable for parts ex|H>sed to the action of sulphurous gasc*.*-*. 
The “loded” irons are also resistant to eorrosive inilueiu*^' ; this resist- 
ance increases with the siIi<‘on and <*hronnuin content. 

Nimol is another example of a corrosion -resisting alloy, whieh also 
has good heat -resistance ])ro)MTties u]) tt) K50 C. ll is about 100 limes 
as resistant to acids as plain iron and strongly resistant to atmospheric 
corrosion. It is significant that the hard casting skin of ah (‘oinmcmal 
irons is more resistant to corrosion than the inner metal .nd that hard 
dense castings also oiler a great (‘r resistanci*. 

llijptircroiie is a liigli-tcm|K*ratnre ri^sistance alloy cast iron having 
from 12 to 15 jkt cent ni<‘k<*l . 0 to 7 p(*r cent copper ; 15 t«> 5*0 jKjr 
cent chromium. 

Irons for Pressure Castings 

For these castings a very close -grainetl struct un* combined with 
high teiLsilc strength an' of primary imjK>rtaiice. Hydraulic and Diesel 
cylinder castings come under this heading. Tlu'v are usually alloy 
irons containing nickel, moIylxhMium, and vanadium. A typi<‘al alloy 
contains 0*41 cent chromium ; 0*23 jkt cent molybdenum and 1*03 
per cent of nickel. It has a tensile stn‘ngth <4' 27 tons p(*r sq. in. at 
the centre portion of a 2-in. section. 

Some typical com po.sit ions and strength values for high-pressure 
casting irons are given in Table 14.* 

Cast-iron Crankshafts and Camshafts 

High-duty cast iron has l>een employed successfully for the crank- 
shafts and (‘amshafts of oil and jxdrol engines, including motor car 
ty[)es. The irons uschI for this purpowi include copyxr-chrorniiim ones, 
inoculated iron, chronic -molybdenum and nickel-chromium irons. 

In this connection the cast-iron crankshaft, provid(‘d that it 
jx).sse8.ses the necessary strength and hardness (qualities, offers some 
definite advantages over alloy steel ones, except in the high-p(irforraance 
Iietrol engine field, as instanced by the aircraft engine. It is cheaper 
* “Alloy Irons in Engineering,*' H. l»we, Journ. Jun. JuhI. Kngru. 
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to produce in the blank form than the forged crankshaft and roquin»s 
fewer machining opiTationa; further, a inuoh smaller weight of metal 
lu^eds to be removed in inaehining. Other iwlvantages elainit d include 
an actual reduction of W(‘ight, reduced frictional c(HdVieient, and 
improved resistance to fatigue failures. 

To illustrate the advantag<*s elaimed. mention will hi" ma<le of the 
cast crankshafts nstul in Ford Vt‘e Fight irngmes simvahont IttlU. 'Fhe 
material employed a copiXT-clirommin iron of the folKnnng [ht- 
centage comj»osition * (\ l-2r> 1-40, Si, l iK) 2* 10, Mn. O-.IO otU), 
S, 000 (max.), P, 010 (max ), (’u. 2r)0-2*7r>, (Y, 0*115 0 4tt 

The cast cranksliaft Indore inachinimr N\(*iLdi(‘il tin Ih tdUT 
ma(‘hining 5<) Ih, The forged crankshaft \Mdtrhcd !HHh Isdbre anti 
(U) lb. alter macbiniiig Thus, the cast cranksliaft \Nas not onl\ !0 lb. 
lighter, but <)nl\ rctjuirctl the rtuiu^Mil of 0 lb, of metal as against 
24 lb. for the forg(‘d shaft, 

III falirnating the cast crankshaft tifty-four opcratitins were 
n*quired comparetl with sixty-two for th(‘ forged one. 

The Brinell hardness averaged about 5(K). Fatigue tests made on 
finished (Tankshafts indicattal twict‘ tlie rt^sislanet' to failure (»f (orgtsl 
shafts. All of the crankshafts \\‘‘rc given a tor pie test of 40,00t) Ih. 

s(j. in. ill both directions, thi' was about ten tim(*s the calculated 
maximum stress occurring in scrvici*. Tests of the Irietional (‘(M^lhcdent 
indi(aied that this was lower than for tin* steel crankshaft. 

Later f*.\ampl<‘s of copjK*r-chronijum (rankshaftsl inad<‘ from 
m(*tal molted in th<‘ ele<*tric furnace had (lie following |M‘ncntag<‘ 
composition: Ti^tal (', l-.*{r> l*t>t). Si, O-So l-Ht. Mn 04itM>‘H0, 
( u, i ritt 2*(ML ( Y, t)4() O ott. 

'Fhis alloy iron was heat-(rcatc<l by holding at (HKt (’ for 20 min. 
4’n(l air quencliing to 120(f' F. It was then ndieatcd to S20M‘. and 
lu*ld at this (lunperaturc for one hour. Aftcrwiirds it was cooled for 
OIK* hour in the furnace, when its t/Cin]KTatiire fell to 50F ( ’ , and tin*!! 
allowed to c(Md slowly to air t<*m|K*rdture. 

The iron (hen had a (<*nsile Hfn‘iigth of 42*5 40*0 ions ]xt sq in. 
with 2*5 ,‘bO per cent elongathm. The BrincII hardn(‘ss was 250 to 520. 

Another satisfaidory alloy iron for crankshalts is a virhhmohfh- 
(1^ nuw OIK* of the following pc*rcentage coni fKisit ion : Total (\ 2*40 
2*80; Si, 2*2r>~2*75 ; S, 0* 10 (max.) , P, 0*15 (max.) : Mn, t» H0 1*20, 
Xi. 1*00-1*20; Mo, 1*(K)-1*20. The tensile strength is 27-50 tons ]K*r 
s(|. in. and the Brinell hardness (as cast) from 255 to 520. 

Te.sts made on a chroinium-molybdemim iron ea*^t (rankshaft 

* A>t4omot(Of iTlIiM/m'h, 1034. 

♦ K. .F. Walls, Journ. Sor. iuiotnotire Entps , I’.S Ili.'jS. 
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fitU^l to a four-cylindor commercial vehicle engine* of 74h.p. (at 
2;’500 r f),ni.) over a period of two and a half years, during which about 
4(),000 mil(‘s \v(‘re covered, showed that at the end of this period the 
wear on the main bearings was between 0-001 and 0-002 in., whilst 
that on tli(* eninkpin jrmrnalH was negligible. The big-end bearings 
were of ‘ fi 11.50” alloy and were in perfect condition, having an 
average nirining ch-aranct- of 0-003 in. 

'rh(‘ iHTcentage com|K)sition of the iron used was as follows: C, 
3(10; Si, I SO; Mn, I -00; S, 0-05; P, 0-20; Or, 0-21; Mo, 0-78. 
'I’hm metal gave a safe limiting fatigue stress (Wohler) of 7 tons per 
sq. in. and a Young’s modulus of IS X 10® Ib. per sq. in. 

Anoth(‘r int(‘resting example of a crankshaft alloy iron, with a 
nickel and mol\l)<lenum (‘outent, having a tensile strength of ()3-2 tons 
])cr s(j. in. is that mcntioiK-d on page 70. 

(Vankshafls of this material have bet-n used in several thousands 
of 7\m(‘rican (-ars, triicks, tractors, marine and stationary engines. 

Th(* alloy in qiu-stion, known as “Proferall X” (processed ferrous 
alloy(‘<i) is made either from metal duplexed in the electric furnace 
from (he (-upola or <‘old-melted in an electric furnace. It requires no 
i urt h(*r hea t -t n*at ment . 

The Ford <-rankshafts are cast in units of four, vertically. After 
removal from the sand moulds, they are inspect/cd and then the gates 
are tak(*n off 3’he four-shaft unit as cast weighs from 420 to 4251b. 
Owing t<» the ditliculty of machining the iron special hammered high- 
s|H‘ed tools ar(' us<'d. 'Fhe working s])eeds of the machine tools have 
lHH»n rediH*ed, hut tlu' rates of tool feed are the same as for forged 
shafts. Latlu‘ s])('eds are reduced to about one-half and spindle speeds 
on drills, reamers, and tap|)ers by 35 to 40 pc'r cent. 

Xi-Y't nsjfl iron has also Iwcn employed successfully for crankshafts 
of Diesel (uigines of tractors, etc., over a |)eriod of several years. 

A fairly compkde investigation of alloy irons applicable to crank- 
shafts has Ikh'ii made by Gough and Pollard. t The irons included 
co})|KT-chromium, inoculated iron, chronu'-molybdenum, and nickel- 
chromium ; an alloy steef (‘tmtaining nickel, chromium, molybdenum, 
and (‘opper, which \\ as employc‘d for east crankshafts, was also included. 
It is not possible in the present limited space to give j)articulars of 
the com]K)sit ions, heat -treatments, and mechanical tests made; refer- 
ence' should Ix) n\iule to the original }>aper for these. The results of the 
mechanical tests, however, are given in summarized form in Table 15. 

• Ibui.f (mge 7l). 

t “I’ho T*nipt'rt»ort of Sotno Maierialn for Crank'^hafts,” Proc. Inst. Atttom. 
Kni/rs., March, UKM. 
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of the plug, is thus given priority of entraiuT. ('haiinel L is a provision 
made to keep within bounds the oversowing nu*tal from A, us the 
mould becomes filled, the surplus metal running (»!!’ into pnndoualy 
prepared pig moulds. 

In Fig, 59 the sliaded }>ortu ns, whitdi include (\ h\ t\ iind ii, 
n*preseTit the metal portions of the mould: the two ceijtral seotioiis 
.iround the roll mould are of metal. 

As is well kn()\vii, these rolls re(|uire a very largt' amount of rotl 
feeding. This <)eeu})i(\s sometimes fw(‘lve or mor<* hours, and ealls 
for a eontinuous provision of hot metal. 

It is found, in the ease of most cast m(‘tals, that llu* rat<* ai v hjch 
the metal is cftoled after casting has a (ousidcTahle inHtien(‘(* ujMUt its 
mechanical projxirties. 

In ordinary sand enisling the sand is a ptatr heat cttnductor, an<i 
only slow cooling occurs, whereas if tht* mould is uuidt* of a m(*tal 
suitably faced vsilh a loam \\ash, !uu<*li mon‘ rapi«l c4>oling occurs, 
the casting Inung extreiiady hard and having a silvers ira(‘ture. It is 
possible to arrang<j for certain areas of a casting to 1 h‘ tdiilled whilst 
others ar(‘ in a softer eondition: m<*tal instils an* used in the sand or 
loam moulds for this pur^xwe. 

'Die wid(‘ rang!* of applications of ehill(‘d'iron eastings (‘ov<‘rs 
plough breast j>lat(‘s of only | in. thiekn(‘ss to large* m<*tHl rolls of 
.‘I ft. to 4 ft. in diamr'ter. u(*ighing up to 3t) tons. 

Tlie (piality or liardm*ss of tlie chill dt*))ends upon th(' e\t<*nt to 
which carbon can lx* retained in it.s eondaned te>nn, anel th<* iosM*r its 
graphitic jiroportion the better is the* clulle‘el mt'lal. 

Silicon also pla\s an iinpe)rtant pari in e*ont mlling the* tinal 
c(»nstitutlon. 

Longinuir recoinme'nels the* fedleiwing pneportions eif siheem (the 
oth(*r elements he*ing in 1he‘ir ce)rree't pniportiems) for dincn*n( eleplhs 
e)f chill - 

J Irpth ‘jt chill \ in. I m. ^ in 1 m. IJ in. 

% Silicon . 100 e»70 e> 52 o 10 om 

The (‘omposition of the iron em]>loye<l hy elifl[ere*nl iron-fe)iinele»r8 
varies, hut most authorities agree tliat /os/ wdtiwj and h>t ponritifj 
t<*in{K*ratures, anel loir silicon and sulphur ee>nt<‘nts are* eIe‘Hirable‘. 

A typi(*al percentage compeKsitiem for an ireai siiiiahle for ehilled 
ea.stings is as follows: Total C, 3*3-3*4; Si, 0*75 S, 0*0H-0 l(); 
\\ 0-20 0-40; Mn, 9*70 O HO. 

Effect of Nickel on ('hills. By the* adelition of suitable* f)re>portionh 
of niejke*! anei also chromium to the iron a marke‘el ineTt'ase* in hardness 
and strength can b(* obtaintxi, so that the hrittl(*neKH and lack of 
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usually aHso^'iatcd with chilled plain iron castings can be 
H\ oidcd. Tijc addition of nickel has the effect of increasing the hardness 
ol the ruatriv so as to render it air- hardening. The graphitizing influ- 
♦ nte of the nnkei, liovvcver, must t>e counteracted; this can be done 
b\ a<iding ehroimum, hut re<lnctioii of the siIi(*on or increase of the 
itiangancs<* also has a sirrular but less marked efte^ct. 

Chromium tends to stabilize tin* carbides and has the direct effect 
of incHMsing th(‘ df'pth of chill in a chilled casting; in addition the 
iiarrlness of tin* < arbide masses is increased. 

(h*nerally about 1 }s*r e(‘nt of ebromium is nee(‘ssary to 2J-4 per 
< < nt ot UK k<*l in order to balance the ehill. 

1'bc carbifles in a white iron usually have a Brinell hardness of 
about 700, wluht that of a |K'arlitic matrix is from 2(K) to 30(). 

C///// Hftnhn In the ease of a tyjiieal niekel-chromiuni iron, 
such as Ni-Ha?d lla* matrix hardness is Ixdween 5()0 and 700 so that 
tin* baidiK'ss of tfie ebill(‘d face is inereastsl to about 700 to 800; at 
tlM‘ s«im(‘ tnn(‘ the alloys mmitionod ndint^ and toughen both th(‘ 
ehilled jioitum and the gr(*\ interior. Tor normal ]mrposes, wdiere 
h(trdnf.sH of pumarif and fftnmfth of fitamdart/ 'mportmice, a higli 
carbon <ontcnt of 3 () jKT cent or over should lx‘ (unployed. Where, 
howcMT, ('astiiigs are suhj(‘cted to .shook and maximum strength and 
toughness are re(|uired, then a low-<‘arbon iron (2-5 to 2-8 per (‘ent C) 
sluMild b<* (MuploNed 

Tor the Is'st r(‘sults tlu* silie<ui eonteni must be reduced (to about 
0 7 to 0 <S |MT cent) and the manganese increased (to about 0-8 to 
I '2 jM*l (<Mlt) 

TABLK 10 

Tost Blsi lts rou Plaib and Ni-Hakd Ikons 



^ 1 niillo^ ed Iron 

Xi-Jlanl 


High 

Lt>w 

High 

Low 


C’arI»on 

(lirlxm 

(lirboii 

( ’arboii 

'rotnl curlx)!! 

a 10 

‘J 7 .1 

a ,10 

2 7.1 

Siluun 

0 7.1 ' 

' 0 7,1 

0 7,1 

0 75 

NirkrI 



4 ,10 

4 -.10 

Chn>Kuum . . . . 

1 

1 

1 ,10 

1 .10 

Dniicil htirdncHS of tlulUsi Mirfucc . 

,100 

400 

r»,io-7tx) 

»>7,) 

Stiorc ImnliKMrt on rlitll fmv . 

ToiiKilc III t hiUtsl st'ctioii. 

70 

,13 1 

90 

78 

tons per sq. in. . 

'rensile in proy core. 

10-18 

21-24 

1 

2,1-27 

31-36 

tons per sq m 

7-11 

1 

1 

10-17-5 

1 

13-16 I 

1 

18-22 



ri*>T iK<)\ 


ua 

Sulphur is a powerful chilling agent . but tends to make castiiii^^s 
brittle , in this respect, ho\^ever, manganese has a preferential (xmibin- 
ation for sulphur, so thfu inert*ased ehill dej>i}i is obtained bv the 
removal of the sulphur 




Fio. 61. English k hbabt’* Iron, a 100 

*1 hr trmpfr cart>on fa embedded in soft fernte , pemrilt/' entiroh deeomiKwd 
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Wh(*rj Ni-Hani is useO for chilled castings its composition should 
fw‘ adjusted to suit the* ty|x> of casting, the higher carbon content 
<‘(jnijK>sition (3'<) fxjr cent (.') with 4-5 ptT cent nickel and 1*5 per cent 
chromium ls‘ing us(*d for castings of maximum strength and the lower 
(‘ontent (3-0 jxr cent C) with 4 o jxt cent nickel and 1*0 i>er cent 
chromium for castings of light section and maximum strength. 

Tlic addition of O ^o jK^r cent molybdenum to the former type of 
iron n*inh*rs it |)arti< ularly suitable for heav^y chill castings of maximum 
strength, 'r.ihh* Hi sIh»wh the results of tests on plain and Ni- Hard irons. 

malleable Cast Iron 

1'his IS a tyjK* of iron jirodueed from cast-iron castings by a special 
IsMt-tn-atnu nt process or “annealing,” the iron having the general 
stn*ngth profierties and sonu* of the (lueliiity of a good wrought iron, 
or in rertain in^lances of mild steel. 

he iron used for the (‘astings i.s a white one, but a fairly wide 
range of compositinns can be employed. There are, however, two 
classes ol malleable iron, known res])ecfively as tlie White-hvart and 
lilack-hrarl tNjH's. the latter huM* been extensively used in the U.vS.A. 
for engineiM-mg and imlustrial a]>])lications. 

I h(' lollowmg an* tyfueal (average*) p(*rc(‘iitag(‘ (‘omj>ositi()ns* of 
the I wo kinds of iron. 

< Si Mm P S 

v\ o-.Vi o 1 ■» o i»r> o oo 

IUa< Iv Ip-ail J 10 0-hr> 0 .‘tO I) 00 ().J0 

I lu’re are two stages in the produetiou of malleable iron, nanu'ly, 
(1) tlu* makiiu^ oi tiu* white iron eastings, and ^2) the heat -treatment 

proet'ss. 

In the tiiNt >tage all ol the carbon exists in the form of earbid(‘s, 
\w, . iron carbide or eenientite, eharaet(*ristie of hard white east iron. 

I la* .sMcond ^tage, m the ease ol white-heart malleable iron, eon.sists 
in heating the (*astings to a tem|H*rature of IMK) C. to 1(M)0 (\, in 
I’ontaet with oxiih* ot iron or }K)wdered red haematite for a jH^riod 
\ ar\ ing from se\ era I hours to a day or two in order to reduce the carbides 
anti hnally ttxidiAe them so as to frt‘e the iron from earhon. Owing to 
the l»)W' mangaiu'st* aiul high sulphur content of white heart iron, 
anti tlu* et>ns<‘<pieut stabili/ing ellt'ct of these uptm tlu* earhide, it is 
nt)t ptissihle tt) produe<' an entirt'ly ferrite matrix, so that the structure 
ot the mailt'abit* inin, when hilly aniu‘aletl. consists t)f an outer layer of 
practically pun* inm, inside of which are iron anti {H‘arlite gradually 

* ‘Mancablo Cast Inm hii Kngmeormg Material.” C. C\ Hodsmon, 
JUwumttf, 7th DcefiiilH'r, IU33. 



incivAsing in earbori conhMit until tho inner ]H>rtio!is, usually 

<‘on8ist of j)earJito at about 0-9 per <vnt carbon, arc nNubcd, and 
tinally at the m)tre tl.e struetun^ (‘onsiKts of |K‘arlite and ijraphite. 

Blaekdu'art iron is pven a different JuMt-treatnunit, the use of 
the oxidizing medium Udng disiauisetl with. 'I'he anru*alint.r of (he 
hard ^\]iite castings consists in heating them (o (’. to HUi) 
followed by a sIom rate of cooling. Usually, for bot li tirades «»f iuall<'able 
iron, the eastings are alio\^ed to cool in tiu* furnace aftcM* (he heat has 
lH»en shut off. 

In the lirst part of tlu' annealing protess tin* i*einentit<‘ is i>rol>en 
down and ])re<if>itated as graphite and iron. In tht‘ tinal staije (lie 
ri'sulting matrix of iron containing tarbon has in. carbon con vert c<l 
into graphite, 'fbe reMilting structure, in contrast to tli.at of \\hite* 
heart iron, is a nniforin om* consisting ot a completely f(*rntic matrix. 

The silicor) content is adjust«‘(l to .suit tie* size or -c tion of casting ; 
it has the effect of ])roiiiotiiig tlic formation of Lirapbito during hc^at- 
tr(‘at!nen1. The [iroportion of sili(‘o!i depends ujion that of tlic i*arbon 
in the original iron, and as the latter is increasi'd tla^ silicon should 1 m‘ 
reduced in order to prevent the formation of grapbit(‘ in tin* original 
ca.Htings during soliditiealion and cooling. 

Svlphur has the etlect of stabilizing tlu‘ <*arbon in tlic (*ombined 
form. i.e. tin- cemeiitite. whilst wamjaniav tends to conibin(‘ with the 
snlpliur to form manganese sulphide, a product which has no stabilizing 
action on the iron carliide. 

It is tJi(*refore usual to a<ljust the manganese to suit th(* sulphur 
content. Thus tor p«'r cent S. from U liO to 0-24 ]«•!* iMn i.s 
allowed, and for 0-Ih ]ht <*ent S, ()*27 to [M‘r cent Mn in the ease 
of black-heart eastings. 

M*rhatfiral Proftnii^-s. The stnuigth properii(“» of while-lieart 
malli‘al>le iron vaiw considerably with tla* composition and s(M‘tion or 
dimensions of tia* easting. 

The British Standards Institution specifies a tensile strength, for a 
0-5t>4 in. diameter sjieei men, of 2tt tons |H*r s(j. in. (min.), with not les« 
than 5 fKT cent elongation on 2 in., and for the Ixuid test on an 8 < 1 
\ Jin. s}K‘<*imen not less than 45 . In practice, tensile strengths for 
w*liite-h<‘arf malleable irons range triun about 24 to tons jmt sq. in., 
with elongations off) to Kt fK*r e<-iit and Ixuid test angl(‘s of 45 to IM)'. 

For bla<*k-lieart malleable irons the JTS.I . s|H*eities a tensile strength 
of 20 tons jxT s(|. in. (min,), elongation of 7 J ]»er cent , and Ix^nd t<jst 
figure of (40^. 

These result.s .show' that the latUT variety of iron is more ductile; 
it has not, however, the same wearing qualities as the white-heart 
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iron, but on account of its ferritic or soft iron structure it is easier to 
riiac iiiru* after skin has been removed. 

avc‘rag(‘ U iisihi strengfli of black-heart castings employed in 
ih(* I '.S.A.* is giv’cii as 24 tons |>ct s(|. in., with a yield point of 15 tons 
jH*r s(j. in. and elongation on 2 in. of 18 jx?r cent. The modulus of 
(dastic it y in tension was 25 < 1<)® lb. jK^r sq. in. and modulus of 
i lasticdty in sh<‘ar 12-5 ' 10** lb. pcT scp in. The shearing strength is 
21 5 tons fKT sq. in. and modulus of nqdure in torsion 58,0001b. |)or 
s<|. in. 'rbc‘ lirincdl liardnc.ss Ls 100 to 140, the average value being 115. 

Mallc‘ab!(‘-ir<»n ca-stings are, in general, cheajier to produce in 
(quantity than iron or st<‘el forgings and for this reason are widely used 
for puijwKses vvhen‘ higher strengths and ductilities are required than 
c-ast-irori eastings firovidc*. They are employed in various engineering 
appIi('a1ions, notably in railway work, road transport, shipbuilding, 
agricultural machinery, and the building and ironmongery trades. 

Blitis Castings 

'fhcse arc v\ rotight-iron castings made I)}" adding from 005 to 
O'OO |H‘r c(‘nt of aluminium to Swedish wrought iron or English 
ha<‘matite iron which has lK»on melted. The effect of the aluminium 
is to lower the melt ing-j)oint of the iron by some 300° C. or 400° (\ 
d'he iron is usmdly melt^sl in a ])(4roleum -fired furnace in crucibles of 
fireclay or pluml)ago. 

It is impcjrtant to kc‘ep the ])hosphorus content of the castings 
helow' about OdO per c<*nt , otherwise brittl(‘ and unsound castings n'sult . 

Th(‘ lH*st Mil is castings ])ossess all the pr()])erties of good wrought 
iron, hi'iiig fn*e from stratification and homogeneous in structure. 

The tiuisili' strcngtli is often 20 pm* cent higher than that of wTonght 
iron, wfiilst tlu' ductility is about the same. 

Commercial Applications o! High-duty Cast Irons 

.Vlt hough a certain amount of information on the ap])li(‘ations of 
\ arious kinds <d’ cast iron in engineering an<l industry has already been 
gi\cn, the following snmmaj-y of these a]>plieations, with the inclusion 
id' (crtain additional matter, may lx* found more eonvenient to 
pottmtial users of such materials. 

The method adopted is that employed by the l.M.K. ilt^seareh 
Committee on High-duty Cast Irons (IXuemlKT, 1938); it enables the 
infonnatum sought to be ascertained in a ready maimer. 

The follow ing is a list of the high-duty east irons available, together 
w'itli their key k'tters; the latter are used in the tables that follow. 

* A.S/r.M. atiii Am. Foiiiulr\'^incn*s AhM>c. SynipoRiuin, 1931. 
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HiGH-i>rTY Cast Irons 

Cast Irons Developed Espectalhj for their liujh Sirtngth - 

('u«t iron using stoel or rt'diuui pig iron . . , A 

High-stet^l mix cast in.ni ...... H 

Hot mould iron , . . . . 

Air furnace synthetic cast in>n .1) 

Rotary furnace synthetic cast iron . R 

Klectnc fumai o synthetic ca^t in »n . , K 

Nickel low-silicon cast iron . . (J 

Nickel-chroiuiiim cast iron ... . H 

(-opper cast iron ..... J 

Nn kel (‘hroniiiini-niolyhdcniini ca.st iron . K 

Ni-TeuHvl ..... . . , L 

Mc<*haruto ....... .M 

Hcat-^rcaU*d rn.Nt iri»n ... . N 

(^ast Irons Developed for Spieial Prop* i to n noth or it dio of linfh Stientjth 
Nickel inart(‘nsitic ir. ni . . . .a 

High-chroniiuin cast iron ... . . 1> 

High-sili<‘on cast ir<»n . . . . c 

.Vi-Hard . . »i 

Noinug . . . . . * 

.\i-Hcsi.st ..... ! 

Nicrosilal ..... , . . g 

.\itrogcij-hnr(l(‘ned 1 ast iron ... li 

High-aluininiuin cast n-on . . . j 

Silal ........ k 

t Vincntcd ciust iron ... . .1 

Sp<‘< lal oxpan.sion cast imns . . .in 
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Ftir (lencral I so 
under Normal 
(’oralit ion.s 


Kor SpoemI 
Oonditions 


Cylinder hUx-k . . . . > 

A 

,, head . . - j 

A 

,, (air-eooled) . . | 

A 

,, liner 

A, 1), R, F 

Crankca.se ..... 

A 

Fljnvlieid ..... 

.\ 

Pi.ston ...... 


« rings 


,, ,, carrier . • 1 


Timing gears ..... 


Valve guides ..... 


Tajipc-t head . . . . • 

.\ 

Exhaust manifold .... 

A 

Clutch cone ..... 


,, plate ..... 

A 

,, housing .... 


Gearbox ceding . . . • 

A 

Brake drums ..... 



* IiicUiding liigh-speod Diesel engines. 


(I, II, .1 
(;, H. .1 
a 

.1, (i. .\,a, f. h 

(I 

t;, .1. K, F, L. M 

<1, .1 

(I, N. r, f 
f 

N. (i. .1 
N, 11, J, a 
Ih rl 
f 

H. A 

( 1 . H, L. J 
A. <1. H 
A, G 

K, H, (h K, J 
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r\HLK Jh 

< \s/ Jh»)N‘^ p>k ^low AM) MrouM Splkd Diesel 

FN(rrMs 


I ui < «4 ri( lai L s< 
UMf|« I Normal 
i oiidjlions 


For Special 
('onditions 


H <lplai 
Mam im« 

< I lak 1 st f < V < r 

i V lio I I i i< k I 
Ilf a 1 h 

htM is 


I INf IIS 
I’mtofi I mifs 
<1 w n 

I \lmust sal\ Im a \ 
< anis 

1 nimiL, ur 
I Ivulu I 


\ (* 

\ I (, 

\ 1 (, 


\ 

\ 


\ ]> 


A 

V, E, L 
A 

A r 

C, i , H L 
( , H, K L M T 
C, H f 
\ J1 M 
( H 1 
H h 
II N 
<s L. N 
L M 


T\BLK I') 

( Ssl IIIONS |(>u Km IMS \TI!) Pi \M 


( mip UK lit 


I )i ( * III ral I St 
unilf I N rmal 

( aKiltlOMs 


J III tSpi ( ml Hij?h 

diit\ ( niulitioiis 


< \ im ii I niiii (Nils I \ 

\ al\« ( lit st ^ 

< \ Imili I Imt I \ 

I lst< Ms y 

Pistim inajjs y 

Mvv\ ht I I ' y 


Ht tiplati (ti 1 (nil III s (I I 
V\ at* r t III ulatin^ pump 

1 lit hais and i linl s y 

\sh trmi^jlis 


< (» H 
( (i J M 
( (. II I 
(, 1 
<, 

I 

V L 
H t 

F H M. I, 
1 
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TABLE 

(^\sT Irons fok .Mvohink Toous and Diks, k'ix\ 



For (JaiuTiil l\o 
undiT 5J<»riiial 
(’«>nditioii‘» j 

For S|><‘<Mal High 

dti<\ (^>lallta)nN 

Mai hiDu fool fraiiH'H 

\ 

i:. H, L. M 


V 1 

F. L. M 

,, ,, ItiDli's 

\ 

1 . C. H. L 

,, ,, hHlldll'S 

V 1 

i:. H. 1. 

„ gIMllS 

V 1 

!•. <i, II. L, Al 

,, ,, pulli'js 1 

\. h 

H, L. M 

<‘Mms , , 

A 

F. H. L. M. N 

,, «‘liui k hndii'H 

\ ! 

I-. H 

IVoss ami iliaw daw . . j 

‘ \. i> 

F <1. II. 1.. M 

l)njj> forgintc dn‘'» 

hlaiikiiip da s . , 1 

Ha!iim(‘r hlocks . i 

\ 

! 

i: O. H. L, M 
\ 

F 1. 

1.. F. H. 1. 

1 )u* 1 uMt mg da‘s 

' ' 
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(‘AST Irons for Mrsor.i i.wrofs In di siriai. 

_ 

For (Jeneral 1 so 

< oiiiJinMi’Ilt 

under Noimal 

< oialit ions 

. — — 

\n CDinproMsor ('vlmdi i . 

\ 

,, ,, jUstntl 

A 

On* cnwhinf' frama 

1 

4 , JO" 

Hall null IiniTN .... 

1 

„ ballh .... 

Loi iunntivo iiroliarH 

.\ 

,, hupcrhoatar hradiT'.t 

A 

,, cV'InaltTH 

\ 1 

I vlmdi'f hiaus 

\ 

pistons 

\ 

,, piston nogs 

' A 

Kli’ot r a- gf'niTatnr «*iid I’oMTs . 

resist HiK’o grids . 

,, lK)t-T)late tops 

,, fiirnac'o hearths . 

' 

bvishar I'lumihers 

' 


For SjMM ml If ij^h- 
ilul> Fomlitions 


(I, ii 

1. 

i\ 

(1 

<1 

H, I*, f. K 
H, K L 
a, H 
K. ti, n 
!«:, ( ; 

(; 


(;, H, M. f. g 
f, g 




c 





TABLE 23 

Alloy Cast Irons for Automorilk Parts* 
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CARBON STEELS 


Tfir name is to fuaitnalh j)ure iron contannni!: earhon up 

to a mavimuni oi I o }H‘i itnt totiother with small jKTmita^^ea of 
man^^anese siluon snjpluii iiiwi |)ho"<])honis la jrent^ia! cathon sU'ela 
have a liner and moie niufoim stiueture than coinmi'iiial irons uad 
lie p^a(tu«lll^ li(*e Irorn dtdtnts siuh as slm <ind i^as inelmions 



Pcri^enfa^t, Carbtjn 
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The strength and haidn(‘ss of hleeJ intieasr with the |M*r(*<’TitHge 
ot larhon hut th(‘ dmtiht^ and ledmlion of ariM under tc^nsile t^eni 
conditions decrease as (lie carbon (onforit is These pro|)erties 

.tro illustrated bv th(‘ h suits ol t<*s1s mad«‘ bv Bausehinger u|K)n a 
numlier ot sU^els of diffeieiit carbon conlcuit, reproduces! in Kig 02. 
The Bessemer stands in cpiestion were not liCMt-treabMl, but m the 
ordinary rolled form It will be observed from these test n‘Huit8 that 
the elastic' limit inereases in a somewhat similar manner to the tensile 
•strength, as the c‘arbon increase's 

^ The comj[yressive strerujth and the elastic limit in c oiiipreHsion both 

IJ7 
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;ncrea.s« wiffi the carbon content.^ Thus, for 014 per cent carbon the 
elastic limit observed by Bauschinger was 17-65 tons per sq. in.; for 
()-5.5 fXT cent carbon. 22-22 tons per sq. in., and for 0-96 per cent carbon, 
,‘{J’75 tons jK^r s(j[. in. 

In regard to the ftJiearing strength, the corresponding values for 
0*14, 0-55, and ]K»r cent carbon were 21*7, 25-4, and 37-0 tons per 
M(j. in. reH[K*(‘tively. It should here Iwj mentioned that the mechanical 
strengili profKTties of carbon steels in the non-heat- treated condition 
de}H‘nd also ui)on the proportions of the other elements, previously 
given, and nf)on the in(*ehanical treatment to whieh the steel has been 
.mibjei'ted. Tlius, in the case of stoel wire made by successive reduc- 
tions of section by draw'ing the wire through very hard alloy steel 
or sintered carbide dies, the tensile strength and hardness are increased 
considerably. For (example, a high-carbon steel rod liaving a tensile 
strength of hetwcfui 40 and 50 tons j)cr sq. in., whem draw^n through 
a^series of dies, may have its tensile strength increased to 80 to 100 tons 
per sq. in., althougli its ductility is reduced considerably ; the hardness 
of tlie steel is iner(‘a.s(‘(l as the tensile strength is raised by such 
mechanic al Irealmcmt. 

It should mention(‘d that the hardncvss and cutting quality ol 
carbon sU*el increa.se rapidly as the carbon is increased above 0*S5 
jKTcent --<*orres|Km<iing to lOO per cent pearlite -owing to the presence 
of exunenliti* emheddc'd in the ina.ss. 

Mild SU'tL Steels containing uj) to 0*45 to 0*5<t jkt cjent carbon 
are iernied mild stends and arc widely u.sed for meebanic‘al and structural 
engineering puiqxises. 

WluMi the |K*reentagi* of carbon is Iwduw about 0-20 the steel cannot 
Ik* hard<*ned to any appreciable extent by beating to 7C0^ C. to 800'' C. 
(corresj)onding to a ch<*rry-red lM*at) and quencdiing in waiter ; tlie 
steel is readily wi'ldabh*, however. ^ 

Steels containing bct\N('en 0-2 and 0*5 |H*r lient carl>on re.spond to 
heat "trc'at men t to an incrcaising extent as the carbon content is 
incrt*ased ; such st<*el.s can lie welded but with rather more difficulty 
than for iron or lower carbon steels. 

Hardening Tyjies o! Steels 

The carlKin steels enqdoyed for variou.s kinds of tools, dies, snaps, 
punclies, and for other pur}H>ses where suitable harciness and stren^h 
properties are desired contain from about 0*0 to 1*6 per cent carbon 
and resjiond satisfac'torily to heat-treat me nt. The low^er percentage 
carbon steels are less hard and strong, but are more ductile (or less 
brittle) than the liigher i*arlH»n content ones. Steels containing from 
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ftbout 1*3 to 1*5 |)er cent carbon give the liardcHt structures with 
suitable heat-treat men t : such steels are einploye<i for razor blades^ 
extra-h^ drills, planing, slotting, and turning t<x>ls. High-carbon 
steels after such heat-treatment an' ndatively brittle so that they are 
unsuitabh' for applications involving appreciable sh<K’k or iTn|mct 
effects. 

Steel Manufacturing Methods 

Steel is nuinufactiirecl from pig iron, onlinarx iron, or iron ores 
by several methods, the parlicndar process (*in|)loycd depending npm 
the purpose for which the steel is recpiired The jiHncipal ]>rt> teases 
1)} which steel is pnxlined an* the (1) Hes^emer ; (2) 0]Kni Hearth; 
(3) Cementation : and (1) ICh'ctne F'nrn ie<*. 

(1) The Bessemer Process. In this pnaess the steel is produced 
from inolt(‘n pig iron l)y l)urning out, or o\idizmg, the c-arlxai and 
silicon. The pig iron is melted iii a eonverter tyj)e orturnuce m«amted 
on trunnions, and when molten a hl.i^t (‘t‘e<*]d air at a pres.surc of one 
to two atmos})h(‘res is forcc'd through the ii.olt(‘n metal. I'he combuB- 
tiou (»f the carbon and silicon with tlic owgen of the ait raises the 
tem})erature of the metal to a vCiite heat vahuj and ]>ra(}tically pure 
iron results. Tn order to (•on\ert this iron into the d(‘sired grade of 
steel, earbon is then introduced in the form ot spugHvif^m — which is a 
mixture of iron, earbon, and niaiigan<‘se —or ferro- manganese, after 
the air blast is shut off. When sufficient tinn* has elapsed to enable the 
molten iron to take up the earbon and inanganeBo tlic converU'r m 
rotated through a suitable angle for the m(*tal to be ]>oured out into 
moulds to form ingots, the latter are reheated and HubjeeUxl to 
meehanical Ireainient, such as cogging and rolling, to form bara, 
plates, etc. Since the snljihur and jdiospliorus of the ore are not 
r<*moved by the proe(^'^s de.scril)c<i it is necoasary to keej) tlK‘so elemeuta 
low in the pig iron employed ; u.snally, not more than 0-b5 jier cent P 
and 0*02 per cent S are allowed in the ]ug iron, so that somew'hat 
similar percentages remain in the resulting sU‘eI. 

The jirocess descrilK'd is t^Tineil tlie “acid” Bessemer one on account 
of the siliceous tvjK* of grinister lining us(‘d. 

The “basic” Bessemer ])rocess employs a eonverter lined with 
dolomite — which contains carbonate.s of lime and magnesia. The 
advantage of this basic lining is that the phosphorus in the molUm 
iron can be removed, by means of an additional blast of air (known 
as the ” after-blow”), after the carbon has been removo<i. In this way 
pig iron or iron ores containing appreciable amounf^i of phosphorus 
can be employed in producing mild steel. 
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I’he lit*ss<*nM*r pr(>o<*Hs hii« employed widely for rail and struc- 
liiral ste<‘Is, but it is now Ixdng replaced by the more recent ir^roved 
ofM*n heart li inelh(Kl.H. 

(2) The Open Hearth Method. TIh^ original Sicmiens, or “open 
hearth,” j>ro((‘ss dates back to 1850 and, in principle, was based upon 
the removal of th<^ carbon from the f)ig iron by means of pure iron- 
f)xide ()n*, sin'll as a sjKnial ha*!natit<*. It eni]>loved a reverberatory 
furnace and used a gast*oii.s find. Th(‘ carbon monoxide formed by the 
oxidatiun of the carbon passed avvav with the Hue gases. 

In the “acid hearth” process a sand bottom was employed, the 
iron on‘ used lieinc v(tv low in fihosphorus content. 

The labT “basil* hearth” process res(‘mble*,s th(‘ basic Bessemer 
oin* in prim iplc and higher |K*rcentag<‘ p[K)s])}iorns ores can be used, 
as the phosphorus is rcino\<Ml in greaitT part by passing into the slag 
as calcium phespliate. 

Thci Si(‘mcns-Murtin o}K‘n lusirth method utilizes scrap iron or steel 
in pla<'<' of most of the iron ore, the proportion of scrap iron to pig 
iron Ixdrig from S to 10 to I : east iron mixed with s(Tap iron and 
certain tlnxcs is also (unploycd in this proc(\ss. The de carburization 
of the charge is carried out hv the o\id<'s fornu'd on the sera]) iron, 
and hy adjiistiriL^ the ])roportions of th(' mixture the resulting metal 
I'an Ix' arrangcil to retain the desired proportion of carbon. 

Although tlu‘ o]XMi licarth pr<)cesH<‘s arc slower tlian the Bessemer 
OIK*, th<‘V give more uniform n'sults and enable the eom|)osition of 
the st(*cl to he controlled .so that the pi'icrntage of carbon can bc) 
regiilati'd ; tins is more dilHeult with the fast(*r Bessemer process. It 
is principally for this reason that tin* o]K‘n Ix'arth method is replacing 
the B(*ssemcr om* for eomna'rcial steel production. For steels of higher 
ipiality, however, the el<*etric fnniaet* is preferable to either of those 
mentioned. 

Strrl /Vfwe.s.s. In order to ol)tain tin* quick production 
advantage of the Bes.si*mer ]>roeess and the more uniform and better 
(piality steel produced by the basic o}H*n lu'arth metlKwl, steel is made 
hy a duplex process in which the m<*lten metal from the Bessemer 
I'onverter is used as a eliarure for the o]H'n hearth furnace. The 
Bessemer pro<ess removes the carbon, silicon, and manganese, W'hilst 
the remaininir phosjihorus and sulphur are eliminated by the basic 
o|K'n hearth furnace. 

(2) The Cementation Process. In this method steel is produced by 
ivdding e 4 irbi>n to wrought iron. Bars of wrought iron, surrounded by 
ehareoal in a tinn lay l)ox, are heat«*d to redness for a long jieriod, the 
carbon gradually ]H*net rating inwanls from the outside; the period of 
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time requimi to tarbiirae a bar of iron of h in iliaineler 18 nUmt 
3t5 hours. 

For larger sizes and biuber jRTe^'ntage of earlKui st<vls the }>eruKl 
varies up to S or 10 days : thus for s])rini: stools from 6 to 7 days may 
l)e n^quired, whilst for high-oarlnm stool the |H.'rio<i may Ih> 10 ilays, 
Tho (*arbon jK'netratos th<* inotal from tho outside inwards and there- 
f(»ro toiids t<i trivo th(‘ st(‘ol a highor oarbon oont<*nt towards tho outsido. 
Tho ooinplt'tion ol tho ot‘montation proooss is govf'rnod by tho rosults 
of tosts mado on trial bars witlidrawn from tho furnaoo, 

Tho stool ])r(siu<*ed by tins proooss is known as JUishr >wiug 

to its hliston‘<l ajip^raneo wh(‘n withdrawn from tho furnav ^ It 
oontains u]) to l o |M‘r (Half «»f <*arb<»n and contains a higlior oarU^ti 
ctmtont noar th<* Mirfa<‘o than in tla* intiTior n^gious. I’his stool is 
broken up into pii^H's about IS in loiur, which in turn are bound 
togothor with stcnd wire in hundlos, <a- are piled ; tho bundles or piles 
are htsitod to a welding lu’at, and forgial und(‘r a moch.auical or steam 
hamnuT, atid rolled. Tin* resulting jirodiict is oall(M Sied, If 

tho abov«‘ jirooo.s.s Im‘ r(*pcatod u]>on tins stool it lHM‘onu‘H Doiihle 
Sh*ar Stfd. 

Cad Sl(fl is obtained by nadting lh<‘ broken })ioc(‘s of blister or 
slu'ar st(‘ol, which an' initially ])r>Klnood from a ]>urc brand of wrought 
iron, and casting into ingots: liroolav orucibk's containing graphite 
are used for tlu' purpose of molting, and ('ach ])ot usually oontaius 
trom 4d 11). to t)0 Ib. of stool, 'fho slag is n'inovt'd from tla* surfao(*, and 
aft(*r allowing tho nu'tal to stand for a tinu' tho latter is |M>un*d into 
ingot moulds. Tho best gradt's of cast st<*cl, winch art' j>r(wlu(*od from 
tlic ])urost brands of iron, containing only minute (juantitios of sulphur 
and phosplionis. after ha\ing ho<*ii ohlaiiu'd in thc' ingot form, are 
rt*}ioat(‘(l and rolk'd into bars, whioh are IIk'ii givi'ii th(‘ naiuo> of Tool 
Stfd. Both oast and tool st<'ol contain a higiaT fsTcontago of oarbon 
than tho other stoi'ls })roviousIy mentioned. 

(4) The EHectric Furnace. Both tlu' electric an- and the ('or<4oH« 
high-frequency induction typos of furnace arc used for tho manufacture 
of tho highest grades of carbon and also alloy st^'ols. 

Tho oloolrio are furna(*o, of which the iliToult. and Sta.ssano nuMielH 
art* t'xamples. utilizes tho heat of the electric arc formt'd between two 
elect rodes to nitdt tho charge. Tho are furnace can Is* (‘tiiployi'd either 
'\ith an acid or basic, hearth ; tin* latter t yi>o is iiow^ more widtdy used. 
SjK'oial fluxes are intn>duced to reduce the sulphur and phosphorus 
so that the resulting steel has very low projxirtions of thes<* elements. 
In the electric are, furnace miieh higher temjK'ratures (;an Ik* attained 
than in the Bessemer or ojKjn hearth furnaces, whilst the abfwjnce of 



122 


EN(JINEERLNG MATERIALS 


anv' oxidising or (‘arbonizing Haine prevents any alteration of the carbon 
{ont/«‘nt, this enables iron and steel scrap to be used in estimated 
proj)orfi()iis to fpve th(‘ required final composition. The basic electric 
arc furnfuc is often used for refining steel, i e. to remove sulphur and 
to deoxidize* the metal from the ordinary basic ofien hearth furnace. 


A 
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lift tunica 

<e h>dniuii( gc.’ir tor nKUlatiiiK iKiHitiun vii elect nxlcH 
I / >%ater j<uK« tor ccmiIiuk < l« c tnxlc s 
t fimnt I tor waste hahch 

'fhe lurnaees used lor the production of tool steels range from about 
3 to 12 tons capatit N , the latter size corresponding to 24(K) kVA 

The 3i to 4 tons ca|M(itv furnace, \\ith ToO kVA transformer, is 
a {Kipular one for alloy and carbon steels, and for medium-size eastings 
and ingots 

In the H&oiiU arc Jununf then* are no bottom electrodcvs, so that 
the lining of the furnat'o is simpler and can be either acid or basic. 
The elect r< Hies may either In* of amorphous carbon (of about 14 in. 
diameter) or of graphite (of 8 in. diameter); the electrodes can be 
seen clearly in Fig (U. 

The funiace is usually arrangtHl on a cratlle and roller base, so that 
it can 1 k' hand- or motor-tilteil for |Hmring puri)OK*s. 
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The htgh-freq Henry fnrtum is biwni u}Hm the heating b\ induetum 
of the charge (oiitained viithin the (nidble or fiinmcr, b\ ineann of a 
high-frequencv alternating (urrent in a s|KM*ial inselaldl aiul water- 
cooled conductor arrangt^l around the (riKible Tht* heat piXMlumi 
vanes as the mean squaie of the turrt^nf Howing in the (ondintor 
and the current strength dejniids uimui the strength ot tlie nmgnetu 
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field pasHing througli the (nnible (haigf and to a leHS(*r extent ujKm 
the frequcn<> 

This t ypc» of furnai e enables the i<h*al shajH* of ( nu ible or container 
to lie used — nainelv, a (\hndrital one holding a inaxiinuin of nieial 
with a iniimiin of radiating area Further, the heat is adually 
generated in the charge to lx* melted, so that th(*re is a ininimum loaa 
of heat as compared with other tyix»H of furnace 

There are no ftirnace gases jiresent Writh this t v|x* of furnace bo 
that no contamination of the charge, or alteration of its eonijiOHition, 
n<*ed occur. Moreover, the c^omposition of the charge can be scdected 

S O 510i) 
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to tli(‘ coin ion to the final product, since — apart 

from slight modifications due to degasilieatioii of the charge — no 
other chemical changt's ocrur. 

'J’ht* high-fre(|nencv furnace also possesses another important 



Kkj. IIk.II VKLgi KN« ^ Kl.KlTHli' ISinCTION Kl KNACK 


projH'rty, nam«*ly, that of promoting a continuous motion in the molten 
metal, ie an automatii*' stirring action; this is caustMl by electro- 
dynamic forces in the charge, due in turn to the inductive effect of 
the high.frt‘({uenc\ current. The [H*incipal result of this constant 
nuUion in to give a very uniform t‘t>nstitution to the resulting steel; 
as a rt'stdt tlu* surface of the molten metal is (‘onvex upwards owing 
to the marked upward movement at the (*entro of the metal. Yet 
another advantagi‘ is that the fem|)t'rature of the furnace can b(^ 
controlled uithin (‘(Ttain limits, so that uniformity of suctessive melts 
is ensured. Fig. tin illustrates a liigh- frequency furnace of the coreless 
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ty])e.* It consists of a container, or ernoible, arranuetJ inside a tint 
c^'lindrierJ coil. Tht^ interme<iiate s}m<v lK't\\tH‘n coil and cnieible, 
which generally does not cxcetMl 1 in, is tilled >uth /in‘on or other 
insulating material containe<l in a silica or initM ^liwc The crucible 
or container ina\ U* of \er\ thin const rin-i ion as it fulfils a <iit!er<*nt 
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function Iroin an ordinar\ crucdile. It it Is* \ in tlii<-k, lluTt* is a 
distance of only 1 j in Ix'tween the coil, which is generally W'ater- 
cooled, and the molten metal, which may la* hc*atc*d to ovct 2(HK) <’. 

The frequency of the altc'rnutmg c-urrent emf)lo\ed vanes from 
about 1000 pt*r se<*ond for low -frequency furnac(‘s up to about 20, (KK) 
{K-r second for high-frequency ones. 

A more recent and impro\ed d<\sign of furnac*e is the ‘‘Witton,” 
made by The (huicrul Electric* (‘ompany. I.<td., Ijondon. It is based 
on the Stobie patents.t The fundamental parts of this furnace are 
shown diagrainmatic*ally in Fig. 06, and eoimist of (1) a spiral water- 
cooled copper tube inductor coil A ; (2) the cliargc to be melted at B , 

• The Hwh’freguencu Induction I urnuce, O K Carupbc-il {Pror. Iron and 
^teel Imt., 1925 ). 

t 0,EX\ Journal, Vol. 3, Ncm 2 and 4. pp 115, 205 
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(li) Ihc furna<*<‘ (\ v\hi*h ads as a (Tuciblc and heat insulator: 

(4) an externa) laminated siii<‘on steel core of high magnetic perme- 
ability, eonsisling of four or mor(‘ v<‘rtieal external legs and bottom 
yok(‘H vsith a fbreshort<*n(‘d eentral core; this core decreases the 
reiudaiH*!* of the (‘Xternal magnetic circuit and thus raises the power 
factor , and (5) a metal case K, which hUjiports the furnace as a whole 
and enables it to be tilted for jioiiring, (*te. Owing to the skin effect 
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in both the charge ,uid inductor coil due to the high-frequency current, 
the curr’i'nt c<in flow oidy on the surfaee of the cliar^fe and the inductor, 
the deptli ot |K*netrMi loii Ixung a few millimetrtvs only. It will be 
seen from fig. 07 that tlie tlux produced by the indmdor in effect 
interlinks w ith a tiun e\ lind(*r of metal of comparatively high resistance, 
eausiiiu a current to tlow round the cylinder, thus i*aising its temper- 
ature. Th<* jmrficular furnace <leserib(*(l has a ca})aeity of | ton, is 
rated at loOkVV for a melting |M'riod of 2-2J hours, and operates at 
loot) cycles i)er second with a supply volt age "of 12()0. It is employed 
for high-grade carbon and alloy steels, including stainless and heat- 
resisting steeds, etc. Hiis tyja* of liigh -frequency furnace is more 
efficient than most otlier t y|>cs previously used and enables appreciable 
economies to be effected in steel production. 

Effects of Uanganese, Silicon, Phosphorus, and Sulphur 

Since all plaii\ carbon steels usually contain small percentages of 
these elements it is nec'cssary to know' what effect these elements have 
upon the physical and mechanical properties. 
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Manganej^e in small quantities up to about J irnt appt^ars to 
behave in the same way iis earlxui in its effects u|K)n thi» hardness 
and strength of the It tends to n'^duce the oxygen content and 

largely counteracts the (effect of the sul}>hur in tht' steel. From 0*3 to 
0*9 per cent is usually present in ste<»l. 

Silicon, when present in limited amounts, Kmds to make the steel 
harder and strongiT, but at the exjHmst' of reiln(*t‘d jluctility. It has 
good deoxidizing (nialiti(‘s an»l renders the metal sounder, i.e. friH^r 
from inehi<le<l gases, sm h as o.wgen ami carlnm monoxide. Sili<M>n 
redu(‘es the teiufWTature of fusbm and pr(‘vents blow -holes; it tends, 
however, to increase thr‘ size of the grain. In st(‘el castiiigs from 0-2 
to 0*5 p<T cent of sili(‘on js employed for pre<!u'*iug soundt*r aiai 
stronger results. The addition of silicon to steel iiuTcast's its electrical 
resistance, and is useful for steel employed ba* the cores of i*leetn>* 
magnets. TIh' usual amount of silicon in low- and im^liuin'Carbon 
steel ranges from O lO t<> per cent. 

Phoj^phorufi is kcqU low in s1(*el. It liMids to iiuTease tin* strength, 
hardm*ss and tlindity but n‘dm‘es its re.^istanee to impact eff’ei'ts and 
with ordinary heatint^ gives larei*!’ grain siz(‘. rsuallv from 904 to 
0*08 {KT cent is em])l«»yed. 

Sulphur abovi' about 0*50 |H*r (*(‘nt malo\s thc' steel brittle and 
'red short it proimites oxidation. Tiie elVect of sulphur can l)o to 
sofTie extent eounteraeled by the inclusion of about twice its pi*reentage 
of manganese. The maximum sulfihur eonlt'nl allowed in most st^Is 
is about 0*05 per cent . 

The Hardening of Steels 

Disregarding tb<‘ m<‘lliod of iiicrea'-ing flic hardmvss ot“ a steel by 
work -hardening process's sm h as <*old-r4»lJing, steel containing more 
than about 0*2 jH‘r cent carbon <an Ik‘ hardened by beating it to a 
temjKTature abov(j its upjKT eriUeal point and cooling it more or less 
rapidly in a suitable medium su(‘li as water, oil, or air. In g(*neral 
the (juicker the cooling rate the bar<l<*r and more brittle will the stciol 
become; the slow(*r the cooling the softiT and more dnetili*. 

Whilst the geiuTal eff*e<*ts <»f rapid cooling of st<‘(ds iiave previously 
iK^en considered the results may Ik* summanz(‘d, bri(*ffy, hy stating 
that the effect of quenching or otluTwi.sf* cooling tin* st<‘el ra])itlly 
from a temp(*raturo above the critical range* is to arrest the transitional 
products or to retain the .solid solution state; .so that in the case of 
meHlium- and high-(*arbon ste‘e‘ls. in.steael of allowing the jH‘arlite and 
f<‘rrite to remain, other eonstitmuits such as martensite, austenite^ 
trcKistiU*, and sorbite* are r(*tuine*d at normal air leinjieratures. When 
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steel exiHits in the quenehod state, the presence of these constituents 
increases the strength and hardness but reduces the ductility. 

The (‘orrect (|uencliing tempiTature for hardening is that at which 
there is a homogeneous solid solution , the temperatures in question 
vary vvith th(‘ grade of earbon or alloy steel. For plain carbon steels 
the quenching tem[)erature increases with a reduction in carbon 
content , thus for a 0-25 per cent carbon steel the temperature was 
875 (j., this value falling to 830'" C. for one of 0*75 per cent carbon. 
In this conneetion the actual temjierat ures also depend to some 
extent upon th(‘ other (‘lements present and their proportions. 

'fhe (Constitution of a liardened steel is dependent also upon the 
actual (jiKuu hing tcrnjK'raturc, as it is possible to employ a range of 
ternjMTatures above the lower arrest ]M)inis. The results of some tests 
made' upoi» carbon st(‘e‘I.s of O t)G to 2*5 [kt cent carbon, when quenched 
at a rapid rate above or lw‘tw(c<m the Ar. I, Ar. 2, and Ar. 3 points, 
ar(c given in 'fable 25, which shows the relative volumes of the con- 
stituents in the m(c(‘ 1. It will be observed that as the quenching 
tenqMTature of th(‘ iH)\) per cent earbon steel is reduced the proportion 
of ferrite increases and that of martensite diminishes. 

For tin* 0-21 to 0*35 jH*r cent earbon steel the martensite is reduced 
with n*ducti()n of qu(*nching temperature and ferrite appears for 
temperatures betw(‘eii th<* Ar. 2 aiul Ar. 1 ])oint8 

Kor ste<‘ls with nuin* tlian (t*80 |xt cent carbon there is no ferrite 
for any of tlic (picnching tem[K*ratures, hut there is a tendency for 
the martensite to dimmish and the eenientite to increase with a 
low’tTing of the (jiamehing lenqK'rature. 

Annealing, Normalizing, and Spheroidizing Steels 

AiinmUntj is the term us(‘d for the process of reheating a steel to 
a tenijxTature of not mon* than 50 (\ abovi* the Ac. 3 |K)int, in the 
iron-earbide diagram, and then allowing it to cool alowly in the furnace 
or in a bath of sand or tine ashes. According to the Hritish Standards 
Institution definition. Annulling meam rcheatimj followed by slow 
cooliny and its purpiKsts ofay he to rnnon internal stresses or to iiiduce 
softness, in which ease th* tnaxitnnin temperature may be arbitrarily 
chosen. It may U* emplovt'd to refine the crystalliiM* structure as well, 
in which <*as(» the temjKTature must not exeetMl the upjx>r critical 
range as in normalizing. 

Annealing results in a softer but coarser structure than that obtained 
by the normalizing profcess, but whereas these two methods give 
similar tensile strengths and ptTcvntage elongations, normalizing gives 
a greater jx'rmitage reduction of area in most instanc'es. 
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Annealing;; ocf*upK*s a longer period than normalizing and is applied 
to oaHtingH, forgings, multi-stage pressings, spinnings, etc., to remove 
(mting or work-prcslueed stresvses aiul render the metal in the soft 
and ductile condition. 

Nf/rmnlizing consists in heating the steel to a temperature above 
its upjK*r critical |X)int an<l then allowing it to eool in the air — which 
should not Ih* in motion, since draughts tend to cause unequal cooling 
and th<*refor(» internal stresses. According to the British Engineering 
Standards defuiition : Nonmdizing means heating a steel (however previ- 
<mshj treatf'd) to a h mjs'rature exceeding its upper critical range and allow- 
ing if to cool fnetg in the air. It is desirable that the temperature shall he 
maintained for about 15 minutes and shill not exceed the upper limit of 
the critical rangf hg more than 50 (\ 

Kither annealing or normalizing work-hardened steel, such as 
rolled sheet an<l rod, n‘duces the tensile strength but increases the 
ductility, as shown by the elongation and reduction of area values. 
The strength projKTties of 0*13 and 0*25 ]kt (‘cnl carbon steels in the 
rolled, annealed, and normalized conditions (for the periods of heating 
at the sjK'cified temperatures) are shown in Table 2t). 

TABLE 20 

Effect of ANNK\UN<i \ni) Nohmauzincj (\\rbon Steel 
Koi.lki) B\hs. (Harbord) 
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Spheroidizing, a proc'ess also knoun as sub^rriticai annmling, is 
the term applied to the mothoii of heiitinjj the ste(‘I for a prolonged 
period at a temperature below the lower eritieal |Hunt — usually l>et ween 
670^ and 680' C. The result of thiV treatment is tlnit the iron carbide 
lieeomes transformed into sp}»eroid.s or bjills of minute size, embeiided 
in a matrix of almost pure iron in the soft stat<‘. Steel in this condition 
is able to withstand considerable deformation by cold working, e.g. 
cold rolling or cold piessing, although for the latter ])ur|H>se rtormalizing 
is a rpiicker and more etonoinical ofH'ratiori giving fully satisfactory 
results. 

Annealmg Processes 

The obj(*< ts to be annealed .should lw‘ heated slow Is in a closed 
furnace or nnitlh*. fr(*(‘ from draughts, urrtil the eornn't annealing 
temjKTaturc is attaincui . th<‘ tcm|K‘ratun' ^ho\dd he kept uniform for 
several hrairs. the exact time dc'iMMidinc upon tlu' ; i/.e and sI^h*! 
('oin posit ion. 

Small low-earbcni steel objects when annealed in a box take from 
one to three liours ; hirge alloy st(*ol artiel(‘s from tlinx* to (*ight hours. 

At the termination of the annealing |K‘riod, th(‘ objects should be 
allowcMl to cool down very sh»wly either by (f/) slnittmg off the furnaw 
heat sup[»ly, and allowing tin* whole to cool natnrully, or (h) burying 
the objects taken from the furnacs* in fine ashes, dry sand, saw'dust, 
or lime, and allowing them to cool. 

Method [a) is the lH‘tter, when it c‘an Is* <‘onveniently (‘rnployefl, 
as it excludes the jiossibilif y of too rapid initial cooling and of uneven 
cooling due to drauglifs when withdrawing from th(‘ furnacM* to the 
cooling medium as in easr* {h). 

It is of great importance' not to lu'at flu' sb'cl to too high a temj)«,*r- 
atun*, or too rapidly, otherwise* the grain will be* ee)arsf*. 

The jKTiod required for annealing siee*l eastings u.sually varu^s 
from lb to 32 hours, anel for malleable* iron tre)m bO to 12b liemrs, the 
tenqKTature of annealing Ix'ing IKK)' (\ to 950 i \ for the* He'aumur pro- 
et'ss. and 8(K)' ('. to Hr)0' ('. for the blaek>he*art tyjK* of mallevible iron. 

Bor Annmling. The reeommen<le*d m(*th<Kl of annealing small and 
nu*eiium steel objects is that known as the ‘'box annealing” method, 
in W’hie;h the parts are plaex'd in a ste^*l plate, or cast-iron, box lined with 
Hrobrick, and the whole gradually heaU‘d to the annealing tem[>erature ; 
after the stipulated periwl they an* alIe)W'(*el to cool Hle>w'ly. 

In all cases of annealing steel objee*ts, ejan* shoulel lx* taken to 
prevent the access of air to the heatecl parts, otherwi.st* surface oxida- 
tion or decarbonization w ill occur. In box annealing, the edges and 
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()l th(* l)<>x should lx? filled up with fireclay, and in many 
cases it has Ix^eri found advantageous to fill the empty space in the 
annealing hox with san<l. fireclay, slaked lime, fine ashes, or charcoal; 
aIternMtiv<‘ly a little n^sin placed in the box is effective, and the other 
materials riKuitioned need not then be used. 

When tising cast-iron boxes it is essential to prevent the steel 
obj<‘cts from coming into direct contact with the sides of the box, 
as cast iron has a great affinity for carbon, and will therefore tend to 
decarboni7.(* th(‘ st(‘(‘I ; where such boxes are used, a layer of charcoal 
or lime, or a lirnng of firebricks, must be used. 

A (jni(‘k anncalirjg proc(‘ss consists in heating the steel to a red 
heat t75(» (' to S(H) (‘,) an hour or so, then placing it in dry sand, 
lime, sawdust, or fine ashes, well cov(Ting it. thus allowing it to cool 
slow 1\ . 

Many olijccts can be con\enientlv annealed by heating them in a 
molt<‘n salt or alloy bath and allowing them to cool in sawdust. 

Hiiudhmj oj lit aft (f Ohjuis. Wlam h(‘at(d objects are removed 
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from the hanU'uin^; or aiiiu‘aling ovens. the\ should \h- unpjx'd \uth 
h^ntM iongs, otherwise loeal <‘raeks and hardness variati(»ns are apt to 
oeciir: the ton^s, or grips, should In- heated at least to a hla<'k heat 
(350 C to 400 V.) 

Annealing Tool Sift/.s d'he annealitig tetnjH'rafures and fHTiods 



^nngohriQ 'Ttmptnorurt (Of Ctnn^noae) 

KrJ r>.S. ANNKVI-lNt; 'I’hMiaatATI Itl » \M> \l PnoDHIJIS OF 

( VST htON rou Xl 'IOMDHIII \\oaK 

^a^v with the <‘omjK)sition and it is ik>I possible, therefore, to give 
information that nil) Iw* ap]>lieable trenerally In all instanees the 
steel inanufaeturers instruetions for the grade of tool st<*el sufifilied 
''honld be followed. 

The annealing teintxTatures for soim* typical carlwai toc»l .spnds and 
alloy ones, given in Table 27, will afford an indication of the 
^' inire of tenijKTatures employ<‘<l 

Annealing of Cast Iron, The resullH shown graphical lly in Fig. 08 
illustrate the effect of annealing cast iron, such as that used for petrol 
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erif?in(‘ pistons at difftTeni t<Mn|RTatiiros. Apart from the beneficial 
efTects o! ann(‘ulin((. in reriK^vinjr (•a.stin^ stresses, and in improving 
the 8f rueture, it will be seen that up to about 500 (\ there is practically 
the same tensile strent(tb and hardness, but tliat the impact value is 
markedly afie<‘te<i. From above about 000' C. the strength and 
hardiK^ss are seriously diminished. 

Putthfic ffr( ff ra.st iron is fully anniMled in the temperature range 
of SOO to IMMi ('. for a s}u»rt tiim^ m ord(‘r to obtain rapid machining 
qualities, allhoiitrh then* i'^ a treneral loss of strength and hardness. 
For tli<* {)urposc* of relie\inu stress thi.s (piality iron is annealed by 
heating slf>vi\ to 450 to 550 ('. and lK>l(ling the parts corresponding 
to about one hour p(‘r im h of seetion thickness, followed by slow 
crxiling 'Diis method is cmploved for eastings and not only relieves 
stresst'H dm* to casting but also in many instances, gives improved 
tensile stnmgtb 'ind tough ikns 

Local Annealing of Hardened Parts 

Hard(‘n<‘d st<*el [larts, sm h .is iMsediardciuHl artu’les, Harveyized* 
nickt'l or c.irbon steel plate (‘t( . ma\ he s»)tt(‘ned locally by heating 
the place with an clcctrK an* (a o\\ -hvdiojicn flame, and allowing it 
to cool as sldwlv as possihh* 

Armour plates with chilled surla<e> are softened in this way for 
drilling purpoM*s 

Classification of Carbon Steels 

Tliere is a wide* ramr'* of <arhon st<M>F cmpl()\t*d in engineering 
work, from tlu* dead low earhon uradc up to th(* high-carbon 

steels (04» t(» 11 per e(*ni ( ') nM*d fni c utting and fin^ss tools of v^jrious 
kinds Most st(*ol manulac t nrers, however, product* definite grades 
with inereasnu: c.irbon eontmt nsiially bastal upon tin* British St^n- 
tlnrtls Iii'-titution and Xir Ministr\ Spet itications for aircraft, auto- 
mobilt*. and eeiu'ral cngmcc'rinu pnrpos<*s A ! \pical instan<‘e of this 
pra('tit*e is that .adopted b\ Mt**'srs Firth k Bn»wii Ltd., who hav’e 
standardi/cd tin* grades trt e.irhtm sT'*<*Is gntn in Tabh* 2H, from 
0*2 to tt*75 p«*r t*ent earhon .iiitl 25 to (JO tons |H‘r sq. in. tensile 
stnmgth for I'liginemiig pnrfM>st‘s. as distimt from the high-carbon 
cutting steels. 

The stts'ls in tjuesiion are usually employed in (he normalized or 
annealetl eondition, althougli (he pro|K'rties of the higher carbon 

* 'fhr pruros-. «>t Hai\i'\i/iMg si.'rl platf* m (f()\<‘nng it with car- 

tK'nm*«s>us ;ia>i luvUiau <»* s."ai t<* U’*u t.»r rtlnnit 1 20 hA»urs, fuIlow^Hi by 

wHtt'v jt't - 
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content steels are nuieh improved by oil -hardening (O.H.) and temper- 
ing, and such ste(‘ls are often employed in this condition. 

Forging ui such sti^elh should b(* carried out at teini)erature8 not 
exceeding 12tK> ('. (Icriiori-white beat) for the lower carbon steels, 
and Hot) (lemon heat) for steels of 0*5 per cent carbon upwards. 

Machining of these steels is carried out in the normalized and some- 
times in the oi)-har(len(*d and tempered condition ; the steels in question 
are sufijilied m eithtT of these conditions by the manufacturers. For 
torgirigs and <lrop-stam})ings tlu‘ steel should always be heat-treated 
m the prescnlx'd manner before machining or putting into service, in 
order that th<‘ best mechanical properties can be developed. 

Table 29 illustrates some tyjiical applications of the steels given in 
Table 2H. 

TABLF 29 

\CCL1( XTIvINS OF C’aKBoN StKKLS 


0 20 Foi nil kmd-t ol sin‘ss«<l tiuu’hine fit t slumpiogs, anti 

ust'd iM nin i.ilt. aut()n»(d)dt . and g»*iu‘ral engineering. 
'Fills !», Mupplifd III roti, hai. plate, and 

0 ItO Kni mat liiin'd lit tings, stampings, and pressing-. <0 iuglier strengtii 

0 40 I lAir spm»lli's, a\lt s, gears. k*‘\ s, mat liininl littiiig*%, jiressings, and 
stam]>mgs ^(•<pllrlllg geoti strtaigtli ])iv»pfrtn's and wt'ar resn^tanee. 

ti TiO l‘\)i nioie liea\il> stresstsi working parts in am raft anti uutoinoiale 
« onsf riu t lou and m goiu-ial ongmoei mg w ork 

U n.'i For loigings an<i stamping-- lotpiiitMi tt» rosist wear, e.g (‘ylintl(*r 
j lint'rM for tmginos, iiammoi-., l>oi!or makers’ and miners’ looks, etc. 

0 7r» For eluti ii platt‘s anti springs, bla< ksnntiis ttuds. cold shear blades. 


Steel Castings 

(listings maile of sttx‘1 are stronger and more ductile than those of 
the ordinary cu'^t iron.s and are much uscil for engine and machinery 
parts that have to v^ith‘^tand heavy loading or shock effects. The 
pri'sent i onsidenitmns relate to t‘arbon-steel castings but it should be 
mentioiUM.! that tht*rc are stronger and tougher steels containing 
elements such as chromium, vanadium, titanium, and manganese, to 
some of which reference is made later in this book. 

The stwfcist^d for castings for various pur|X)ses has a carbon content 
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up U) 0*iK> |)er tviu. In the <ase of mitoinobilo stool rastiiiirs a typioal 
|H'roentago composition is as fo]l(n\s: (’. O-.SO it> 0-40 . Mn. or>0 to 
0-80 ’ Si, 0*10 to (t'att . P and S not (»y<t tt-Oo t‘arh ; Ft‘, tho romaindtT. 
In the annealed condition the elastic limit of this stt*cl is about 10 tons 
{KT s(p in. 

Tlie tjt nfral-purpoin .sttfls lor i‘aMintis contain tt *J to tt-ilo |H*r c(*nt 
carbon and possess totisilo stroimths of 27 to .V) tons |ht sq, in. with 
elongations of 20 to .‘iO |X‘r cent anti rtHluctions of art ‘a of 20 to 40 |K?r 
tent. To dovtdo}) the full strength prt>|W'rtu‘s tlie castings .luadd 
be given an appropriatt^ heat-tr(‘a1 mt*nt corresptintling lo their 
ctunposilitin, mass, etc. 

The lou'-carhitf} for t‘asting.H with Itvss than 0*2 imt cent 

carbon do not respond apf»rt‘cial)!y to ht'at -trt‘at mt*hl in regartl tt. 
tlieir strength prop(Tti(‘s, but tlic grain structuri' and tluctility are 
imjirtived by suitable luMt-treatmtuit 'Fht* ttuisih* strtMigths of this 
class of stt‘cls rangt* from IS to H2 tons |M‘r stj. in., wi.h i‘long*ilions of 
the ordtT of 15 to itO per cent. Owing lo ih ‘ir low carbon tonlent the 
castings are suit ii bit* for t'lectrical purposes but not, in gent*ral, for 
structural work. 

The htgh-carhon lor castings etmtain from 0*4 to 01) jht cent 

and respond much bctttT to heat -treatment than tlu* ()Uu*r si(*els 
mentionetl ])revious]y. In suitably heat-trtsdtsl condition th<*st* steels 
po.ss(‘ss t<*nsile st?'t*ngths of ,45 tt) t)vt*r 50 tt)ns p(‘r stj. in., with 4 to 20 
|K*r ct'iit (*Iongation and 8 to 40 per cent naluction of ar(*a.. Such stt*els 
art* <*mf)Ioy(*d fta engineering purpose's when* high strength and tough- 
ness piopertit's art* recpiired. <*.g. for automolah* fuirls. roll and (lit* 
lot)l ])arts, railway and marine t*tpnpment 

The British Standard S}K‘citieation (B.S.S. 502 1045) covers three 

grades of stet'l castings, namt*ly, 20, 2s. anti 45 ttais jK‘r s(| in. The 
*<t<‘cl used is preferably matit* by the tipen hearth pns'es.s, a<‘id or banic, 
and the maximum allowablt* su!))hur anti pliosphorus contents must 
not exct'cd 0-00 per (*ent each. Tht* castings shou hi Im* h(‘at -treated to 
retine the cr\stalline structure thnnighout by h(*ating It) a uniform 
tem|x*ratnre not less than the nt)rmali/.ing t<*mixTalure anti allowdiig 
tt) ct)ol slowly. The tensile te.st pro}x*rties are s]M*cified in 'fabh^ 40. 

('old bend sfX'cilied for these stt*els, are to be math* utM>n tt'st 
pietx's 0 in. long t)f 1 in. diameter or 0 ' \ / J in. rectangular sectit>n, 
the tests Ix^ing matle by bending over the thinner setdion round a 
former of I in. radius. The test pieces must withstand .such b(*nding ft>r 
angles of Ixmd of 60^ 120'^, and tKP for the 35, 28, and 20 tons jxt sq. in. 
grades reH^x"c*tiv(*ly, without fraeture. It is further sj^x'cificd that the 
t astings are to lx» hammered to ensure that they are sound and flawless. 
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BiifTisii Standard Steel Castings 
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Klongat ion 
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•JfJ 

‘ 2«i 

13 j 

20 

2H 


14 

20 

' a :» 


IT-.") 

ir, 


iin* ifi (TucihU's, converters, open hearth 

ftirnaces. and (dectric furnaces. 1h«* two latter methods being the most 
favounsl . acid or f)asi<‘ linings are employed in these latter methods. 
The raw materials used include inui ore, steel scraj), and {)ig iron, the 
actual selection and proportiem d<*|W‘nding upon the type of furnace 
and th(‘ desin*d com|M)sition. Kor alloy casting steels the electric* 
induction turnaces are preferred. 

Steel castings for (‘ngin<‘<*ring purposes range from those of Jin. 
thick ueighing a f(*^^ ounces to very many tons and in sections up to 
4 ft. thick, 'riius, th(* larg(*st steel castings made* by The English Steel 
Corporation include* (*.\amph*s up to loD tons. Typical castings made 
by this tirm include* an 85-ton steel ba.seplate* for a hydraulic press 
(Eig. (iti) anel two 120-ton baseplate main gireh'rs fora hydraulic press 
each measuring 32 ft. long, 1 1 ft. 3 in. deM‘p, anel 5 ft. t) in. wide. 

Applicatf(fn.s »Ste*e*l castings (plain and alloy) are employed for a 
variety of j)urpos<*s, typical instances In'ing those for electric motor 
yokes, marine* eylind<*r framc*s, mill hemsings, pr<*ss ca.stings, hydraulic 
(jylinders, gewirs, mill rolls, rear axle casings for heavy lorries, axle 
b()X(*s, bufler e*asings and otlmr parts for locomotives and railway 
carriages, turbine e*asings, magne*t frames, armature and (‘ommutator 
hubs and spitlers, hytlraulic stay rings, manganese steel crusher jaws 
and liners for cement mills, autoclaves, (*ast steel dredger buckets and 
tumblers, mortar boxes, stamjM*r heads, and other mining machinery 
{karts. 

Notes on Steel Castings 

Steel castings are made from stivls having melting |K)ints of about 
135C to 1400' , whilst east irons have appreciably lower values, namely, 
to 1250 . The amount of ctxkling contraction is therefore greater 
for steel (*astings than for cast-iron ones. It is usual to allow about 
iV, in. per ft. shrinkage* for steel and J in. per ft. for east iron for 
normal sizes and sha{jes. 
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The annealing temp<Tatnre'< raiigt' from C lor lailxMi tontonta 
of 0 55 to 0 SO jx'r (vnt up to ^U5 ( h)i 0 IS |k'i cent arlxm 

Semi-steel 

This mimt is iisualK gi\en to the prcMluct resulting Ironi the 
addition of stcx*l and wrought non scrap to cast iron in the < u|H>la 
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usualK about 2(> to 40 pc^r cent scrap is tlius added The seini-Hteel 
thus produced haw leas carbon than ordinary cast iron iiaiii<l>, below 
3 [>er rent It is stronger and tougher than ordinary cast iron and has 
a finer gram although it brdongs to the true cast iron class 

S<uni-ateel has lieen used for making the tables, hIkIc^h, saddles, etc , 
of machine tools and for large gears 

Carbon Tool Steels 

These steels are usually produced m the electric furnace, notably 
the high-frequenc} induction type, so that there is no contamination 
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1)V Hue e:ise^ ett* ;i lii^Hi-^rraac fine-stnidure steel results: x\lthough 
hucIj steels are not -lo eflieient in eutting action and durability as 
hi^:li-spee(j alloy steels, they are cheayKT and for a large number of 
purposes an‘ entirely satisfactory. In geju*ral. carbon steel tools fail 
at a much lower cutting temjKTalure than high-speed steel ones, so 
th<it in selecting hieh-duty tool steels this point should be borne in mind. 
Thus if th(‘ work to be |HTforined by the tool is such that not much 
heat is develo|a‘«J, e.g. in rock-drilling, blacksmiths' work, engineers’ 
files, clus(‘ls and hammers, a carbon steel is quite satisfactory. 

Special can* is taken in tlu* manufacture of carbon tool steels to 
HMiid defects, su<*h as gas inclusions, (dinks, s('gregat ion , piping, etc. 
\ ^ an instance of t Ids caM*, mention may l>o made of the practice of a 
wtdl-known firm of st<*cl manufacjturers, Messrs. Edgar Allen Ltd., of 
hn*akmg off tin* to]) end of each ingot j)roduced in the electric furnace. 
ldH‘s<> ‘rnds ‘ .oe examined for d(‘fccts. The tendency of an ingot, 
afti*r lM‘ing cast is todcvi'lo]) a *‘pi]>e" at the top due to contraction 
in cooling, llu* outside cooling mon* ra])idly than the centre. The top 
is also liable to become hon<*\ combed with bubbU‘s of occduded gases. 
Afl(‘r th<‘ ingots have b(*cn rolk‘d or hammenal into what are known 
as “c(»ggi‘d" l)4irs, the of thes(* bars are again broken off and 

the fno'tun's (‘xarnined. Kmally. tla* finished bars have their 
ends broken off and tin' Tract un‘s an* (‘andully examined for defects. 
Mechanical stn'iigth t(*stN, ciiemical analyses, and microscopical 
(‘xamination of the metid are also made upon selected samples. 

h is difficult to standardize' the numerous (arbon steels reejuired 
for the less expensivr ty{)(*sof tools on account of tlu* wide variations 
in hardness and cutting action and g(‘ncral d(*sirahlc (|iialiti(*s, so that 
it is the custom of (‘ach st(‘(*l manufai*! urt'r to cmjdoy his own system 
of grading such stci'Is ; m sm h cases some of the ste(*ls are usually 
s(‘lectcd to conform to certain (‘xisting standards, such as those of the 
lirilish Staiulards Institution A tyjiical in>tance of the method of 
grading carbon tt)ol steels, nanu'ly, that cm]»loycd l)\ M<‘ssrs. Edgar 
Allen Ltd , Shctlicld, consists in standardizing six (jualitics of steels, 
eacli of which is siqiplied in six different grades of hardness or temjK^r. 
The <]ualities art* (iistinguished by the lett(‘rs II. /^ A’, (', L, and F, 
the former being the highest (jualit\, and the hardnesses or temjKTs 
by nnmlx'rs from 1 to t», the former In'ing the hardest steel. The temjH'r 
numfiers aetually corix'spond to the carbon eontenl. 

Table 31 shows the carbon (*onteiits and the reeomniend(*d applica- 
tions of the sttx'ls. 

Steel ('ohfurs and Tt inp* ratureM. Although in modern forging 
and heat -treat rntmt pnu'tice the teinj.K*ratun*s of the furmiees and 
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TABI.K 31 

{ AKRON Tool Stki l Compositions am> An*ijrATioNs 


Tomp^'r Car'xwi 

VuinUer |)»*r<fMil 


A ppli coitions 


) 1 Suital*!*' tt*v o\tm )iai>i piaiuiig, hloiting, ami 

tiinnnt* drtlU. rtt . 

- 1 Suitahh' for lutin' tnoU, ilrillr*, uiul hHuill t'UtUTK. 

M*~> Smt.iRK for lutm’ t tinuiij*; t « M( tt'Ts, ( up!,, uor.s, 

flrtlls. juinrlu"., hluikin^ tools »«it 

4 i) \ut Stut(il>l«* t«*r<i*M « lusol.s, Lhntos tor liot Nlu’uriiig, Imt 

solts. t.ips, sp,‘< Oil iiuin r* ilnil.s. «•!«• 

<» <‘7) J>tlJtal»lo ti>l I Ijis* Is. VI (ts. h'in'l ^’iiilh.s tf>olM, Ritulon 

lot . olii s||i al M^L^ i l< 

0 hit .Suit.tRlo toi lx jli r inukoiv' tools, liuitiMtorK. luinoriH' 

tools, of. 


lu‘at‘livat iiK'iit sail or in(‘1al hjilhs aiv mvariablv nR‘asiir(Hi with 
aofuraU* })vro!nt‘tt‘r>. it ota'asionally is nc(M‘.s.s{irv to oi)tain an iiulica- 
(ion of tin* apjtroxiinatf ti'in]UTat iin‘s ttf hiNittal stocl l)\ ()hH(*rvatioa 
of its (‘olour. In this connoction Tal»k* 32, sliowiiii^ tlu* cokmrH and 
t‘(jinvak‘nt tcm]K*rat i;n‘s, may lx* found iist‘fiil 

TAHLK 32 

Sn:i:L CoLorus \m) Tiomplr \ti ui:s 

H.-af.l SI-.I T,.,..,mraiur,. 


Dti/.zltiig .slight ly hltijsl) wljifi 

Hrilhaiit v^lnto 

Whito \\(‘Ming hout 

Yo]lo\\ -v\ htio 

Orangt'-yollow 

t )nirigo-n*(l 

Bnglit ohorrv-nMl 

Chorry-rofl . . . . 

Dull c-horry n-U . 

l>ark boat . , . . 

Knil ht‘at. jtisl visihif in simliglit . 
IlcH lu*ui, \iMihlcjn daylight 
KofI hoat. visthli' HI twilight 
Hod heat, visihloiii tin* dark 


1000 
1 aOO 
1400 
1300 
1200 
lino 
1000 
000 
HOO 
700 
580 
525 
175 
400 


I M(ir/unrry] 

ForgilUj ('nrbon T<x)1 The at eels w'itii cjirhon eontenift up to 

0*90 should Ik* he*at«*d slowly and evenly tci a bright red heat C.) 
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for forj'in}'. whilst the hi^^lier fontciil steels, from l-O to ]*40 per cent 
enrlMjn, should he forced ut a cdierry-rtsl heat (tKHr-950° C.). 

XormnJiiintj Carhan Tnol St<*lx. This proc'css should be carried 
out liefon* jnaehiniriL^ or after forj^in^r aiui before hardening. Steels 
with 1*2 to I I per e(‘nt earhon are normalized at 840° to 860° C. ; 
those with to I I |K r cent earhon at SOO ’ to S20'* C. ; and for 

o riO to O'Stt ])er <(‘nt <*arhon. SOO to 830 (’. Aft(T soaking at these 
tefu[>(a*atures the st(‘(‘ls shouM eool off freely iti air. 

Ilardnnnfj ('arhtm Tool The steeds should he reheated 

slowly an<l uniform l\ to the tem|MTatures shovMi in Table 33. 

v\n\A<: 33 

HaKOI:\I\(J 'fKMI'LRA'n IlKs For C'nHHON STEEI.S 
n«'rrM»Oiu<' Ol M'hnti . 1-‘U l|o () ;r> | 0.‘i Oh.*; -U <M) O-SOO-SO 

'r»‘»np*'nitnr»' (’ 7r)U Tso TSU sOO 7HU SOU 1 SUO S20 

I 

The st(Md should lx* (pauieheil in water, hut a good praetiec is, 
wluui (pH'mdiing, lad to allow the sttsd t(‘m]><‘rat me to full below' the 
boiling-point ot wat(T and then imm(‘diately to follow’ with the 
tem|H*rmg operation, 

A hanlened tool ean hendievedol its ha rdcuunu: strains by immersing 
for a period in a hath of boiling watiT ; its hardness will not bo affeett'd 
atlversely by this fmuvss. 

The Tempering Process 

The object ol this j»roe<\>^ In to reduei* the extreme hardness of the 
steel as ({uenehed trom the hardening tenijieratun* in order to reduce 
the brittleness and imjwovi* the shock -resisting (jualities. 

I he following is tlu‘ British haigineering Standards Association’s 
definition of tempering: l\tniurhuj mnfns hiothuj a steel {hoteeveY 

previousUf hurden*'d) to a tnupt rature not (weadtng its earhon change 
point with the ohjiet of reducing thi hard toss or increasing the toughness 
to a greater or less digrei 

The oiieration ina\ usually Ih' followed either by slow’ cooling or 
water-quenching without materially aifecting the final result. 

The effect t>f tem]H*ring a hanhmed .steel is to break <low’n the 
hardened state of steel, and to transform the hardening” constituents 
into others corresjuinding to the s(»fter conditions. Thus, insB^ad of be- 
ing entirely eom]H)sed of austenite, martensite, and troostite it contains 
also sorbite, jiearlite, and ferrite in ])ro|)ortions de|>eiiding upon the 
reheating temiierature. It should be nunembered that the higher the 
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tempering teinp(Tatim\ th<^ mort^ unstable Ikhmuiio tht* transition 
constituents, until at the (ritieal change ]M>intv complete instability 
or breakdo^ni occurs, Ie;;ving the metal in it< softest condition. 

Table 34 shows tlie effect upon the eonstitution of the metal of 
tenifK^ring 1-57 ]>er c<‘nt carhon stetlat different t<‘in|H‘ralurefi . it was 
found that the heating curve of this steel sh(»\\(‘d tlmM' ac(‘tderations, 
namely, at 275 (\, 4tHr(\ to 5tM) (’ , and t)lO (' in 7(H) (' , .so that 
the tem{K‘ring teii^iKTatures nxcto chosen accordingly. * 


T\f5LK 34 

Kffkct of Tkmim.kino I CON Tin: ('onstitfi nts of 157 
(’\KHoN Sn.ia. (Osmoml) 


M«‘thnd oj Jlrut 
t n‘Ut 


( 'oinljt n»n oi St nictun'^ 


flOMl |0.'><) <* HI 

K'ctI \Nnt*'r 


from liK-in O , imO 

t<*TiipoTo<l «t 2Tr> (’ \« Ilou 

Quote liisl fiom 10r>0 C.aihl P.ltn 

tf'Tujicrfd at liWi (' j 

I 

I 

Quote ln'(l troiii Ki.m atwl Daik 
t empon'd at I'M ( ' I hltio 

Qikmu’Ik (1 Irotii ( , hik! 

lomjion'd at 020 (’. 

.\mn*ak*fl . 


Vh-hO itilc mill sinnll«‘r amount <»f 
ii iriliHUto prrsi'nt as harhctl 
stronks or lamma*, winch cannot 
ho SI tMtohotl with H ncodlo. 

\ti'^h*oCo iimi liaidointc ; the latter 
• an Im* sligliilv NcratchiMl wuth a 
midio 

\iistomtc and hurdoniti*; hoth can 
ho ti lidiK s( rati hod with needle. 

Viistomfo rosiduo (‘oM*re<i W'llh 
mimorous sjiols and cleavagofi, 
pandlol to tioodlos ot hardonite; 
gn ,iti I propot tioit of latter. 

M.irtonmii and troostito with 
oi'inonl do. 

(’he Ih hor}>do and coiuc'id ite. 

( oniontd** and poarlite 


The T('fnpcriufj ProcfsH hi Ptarfin 3'he methods (S tempering 
hardened carbon .steel n'«.(*<l in practice dcfHUid eitlicr nj>on the use of 
tcnijKTature-controlied reheating intMlia or n)K)n the observation of 
the oxide eolours which form ujion poli.shed hardcntKi steel when it is 
ndieated to different tein{)eratures These (olours rangt* from dark 
hhie up to pale yellow and each colour is associated with a definite 
temperature, the dark blue Inung the highest and pale yellow the 
lowest tem|)erature ; thus, reheating to tht* former colour b‘m|KTa1ure 
gives the softest and to the latter tem|K*rature the hardest temj>er, 
hut more hrittleness and lower slun’k-resistance qualities. 

Table 35 gives the tcinfKT (‘olours and c()rre.s])onding tem|H*ratures ; 
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]\ also indicat-es the applicaHons of the different tempers to typical 
tools. 

TABLE 35 

TkMFKKING LoLGI KS, TEMPKHATrHES, AND APPLICATIONS 


'I’ml of ( on 
SarLu <* <it Stool 


F.ihn'fihcit 

Suitable for 

Dark Mn« 

;o«i 

aoo 

Hand .saw's. 

Oluo 

2u:\ 

.'»an 

Fiih' saw-blarlos, augers, 
l)(nl('r-riiakers’ snaps, 

chisels, smiths’ tools 
and cold st*tt.s. 


2SH 

.'>70 

Watch-springs, swords. 

I'urplo 

*77 

7:to 

'Fable knnes, large shears 
and wfuKl-turning tools. 

Hrown, to 

slc'vv piir|)l'' 

iMit; 

.710 

.\\cs. ])!ancs, and wood- 
w orking tools- 


2.)t 

tf)0 

Scis'^(>rs, shears, cold 

<*hisels. large drills. 

shear-hliKh's, puntda's, 
and Wood-cutting tools. 

(folcloii ynllou . ^ 

! 

'2i:\ 

170 

Fenkrn\'(‘s. hammers, taps, 
reamers, large lathes. 
})laning, aiul slotting 
tools, small drills, 
.scn'wing, stamping, 
and cutting dies and 
inmors' drills. 

St rau 

•j;jo 

tio 

Ha/or bladt‘s. 

I’alo yclicu 

'2'2\ 

430 

Small edge tools, small 


latiios. phiinnp, htkI 
slot! IIIR f 


(HilkMi VIItnLt<l.l 

Electrical Heat-treatment Salt Bath 

A typical hcat(‘<l .salt hath installation is shown in 

Fi^. 70. it is (‘inployt'd for tho hardenini]; of high-speed steel tools 
without any risk of oxidation or (U*<*arburization ; also for the brazing 
of high-s|HHH! steel ti])s on t<» tools and (‘utters. T}u‘ salt batli furnace 
(d)viates the necessity of^isiim a luaitral gas atinosph(*re for these 
proe(‘ss(\s. 

The furnace is made in the 3tt kW and 70 k\V sizes with salt bath 
dimensions of S in. dianu'ttT « 12 in. deep and 12 in. diameter ^ 18 in. 
deep resjxH'tiveiy. It works on a 3-phase supply and has a maximum 
otH^rating temfx'ratun* of 1400 ('. 

The mailt ehatrodt's an' (‘arried in the inner refractory lining and 
extended to convenient positions for (’(mnection to the transformer. 
Suitable auxiliary starting electrodes are also provided. Provision 
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for tunie extraction i" imule b\ mcMns ot i t o» <liiMn h\ a Jhp 
squirrc^i cage 3-phase induction motor Tht tiansloriner is connected 
to the furnace by meaiH ot hoaw cop|K»r l>ushars and is the double 
uoiind c)ll-lIn!uer^ed suitable foi a pnnnrN \<»ltaire ot 4tH> <»r 

44d \<»lts 3-phase 50 cctles witli a s< ncs ot t.ippinifs on the In^h tensum 
side to gue tlie ion sc(ondir\ \oltagcs nqmnd toi tia fninace 



hn 70 1 JO ( . i ( I I 1 « IKK \J H» M IKI \1 Ml M Svi f Ha I M 

\n instrument p<in( I < iiiU'' <i (cuijwrituK indnatoi s\nchnjnous 
electric clock one* isohiting switcii for the clock and one for tin* 
ammeter uhich gives re<idings on tfa secondaiv side of tiic' trans 
former \n on load faj) ciiinging snitch is fault into the tr<msfornier 
and a racliaticai t\}>e pv roinetc’r is provided to give an indie at ion of the 
liath tem}x*rature 

Workshop Tempermg Methods 

The method tunployed in i‘ngiiH‘ering noikslio])'. fe^r hardening ciar 
fion steel edge or end tools consists in heating the end of the tool to the 
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f)ropor hardening temperature and then dipping this end into water. 
Afterwards— and before the steel has cooled down too much — ^it is 
ijuickly withdrawn and the metal near the end to be tempered is cleaned 
with a pie(5e of emery cloth or bath brick in order to reveal the tem- 
jKTing colours. The latter will be observed travelling towards the 
cf>oled end, the j)ale yellow colour being the first to approach and the 
dark blue the last. When the appropriate colour reaches the end of 



Kk.. 71 . Ml riioij or Ti.Mi'i.iUNt. Kik.k oh Kni> Tools 
IN A Sand Hath 

the t<»oI the latter i.s (jueneht‘d out in cold water. Alternatively, the 
articles can bi' t(*in[XTed in a sand bath as shown in Fig. 71. 

In th(‘ ease of articles such as dies and milling cutters, which have 
to be of (*qual tenqxT throughout, these are first hardened right out 
and then 1eni|H*red by reheating in a sand bath or over a plate heated 
from 1h‘Io\v. As mioii as the desire<l (‘olour is attained, the articles are 
(juenched in water. Carbon stt'cls can also l)e tempered in a single 
opi ration by heating to the appropriate hardening temperature* and 
<pienching in a suitable inediuin, such as oil, wdiich will give the 
eorn*ct rate of cooling , various grades of hardening oils are now' 
supplied eoinnuTcially to give diffemit cooling rates and therefore 
different degrees of hardness. 

Milted lead or h ad-tin alloy is al&o emploxed for articles requiring 
less hardness than that given by the oil hath. In this connection lead 
melts at 327 ('. and tin at 232 C.. so that by suitably selecting the 
proiK)rtions of lead to tin any desired queiudiing tern j)erat lire can be 
obtained, ilown to tht' (uitcetic melting jHiint, namely, 180 C. 

lA'ad-antimony alloys give a teiiijx^rature range of 228 ' C. to 630" C,, 
the latter tenqKTatiire corresjamding to the melting-point of pure 
antimony. Hardened steel articles can also lx* temyx*red by giving 
them a preliminary heating tt> a temperature btdow' about 20(f’ C. 

• *S<M' page 1 42. 
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«nd then immersing them in a molten lea<i or lead alloy bath of the 
appropriate tempering temiK^rature. 

To prevent the Uml ftom adhernuj to the artich^s (hey are 
UHually (‘oated with soft soap, hlaekleaU |)aste, or saturated salt water. 
An alternative coating for this pur|)os«» <*an Ih» made as follows: 
Powdered (‘hatred leather, 1 |mrt , tine flour l.\ parts, and salt, 2 
l>arts: mix with water to a past\ consist<'n<’v I'he coated parts must 
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dried thonnighU Ixdon* placing tiuuu in (he l(*ad bath. The lead 
bath should be k<‘pt agitated, by stirring, in order to pr(‘V(mt the 
lower ])ortions iK'coining hotter than the u])|mt ones, due to convection 
action. The artick's, after heating for a ]K‘ri<Ml, de|H‘nding u]K)n their 
shajK* and size — but usually varying from one to thre(» hours - should be 
ch‘aned with a wire brush t<> prevent l(*ad adherence and then (jiienched 
in fairly' pure water; if any l<nul is left sticking on the metal, soft 
s|X)ts will occur at these y>la(*es. (iiarcoal in yx)wdered form is sprinkled 
over the surfac^e of the lead to prevent the formation of scum or dross. 

Quenching Oils. Tlu‘.se c»ils are specially })k‘nded to give the required 
rates of cooling for various tyix^s of carbon tool steel, and also for 
<‘ertuin alloy st^^els. Smaller cjarbfm steel tools and artick^s which are 
liable to crack when quenched in cold water, or to Income too brittle, 
arc* often hardened in oil or brine. A suitable quenching oil is a mixture 
of mineral and seed or animal oils having a high flash point, such that 
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no iiirtiiniinabl(* va poors are ^iv(‘n ofi iindcT working temperature 
(jonclitioiiM ; a nuninniin Hash |»oint of about 177*^ C. («350° F.) is 
usiiallv sfKH'ified. 

QiienchiniL' oils have an appreciabiv lower s|H‘eifie heat than water, 
the value varying from about O-lM to O liK wliereas for water it is !•(); 
on this account they <‘xpen(*nc(‘ a correspondingly greater temjierature 
rise when a heat<*d article is rpiemlied in llu'in. 

Alt(*r constant use tin* lighter and more volatile oils are removed 
b\ evaporation, leaving onlv the h(‘Avi(‘r oils, which d(» not allow a 
sufhciently iiigh cooling rate with the result tliat the steed is liable to 
Ijc s<dter than when the original oil is use<l. It is therefore necessary 
to ke<*p the* oil in its proper (*onditi(ui by lh<‘ o<-casio?ial addition of 
Ire-^h oiK (d’ ligliteT constitution. S|K*citie gravity tests afford an 
indication (tf the* state* of the epiene'hing eul. 

|o»r me>st epH'nching purpe>ses the* e»il she)ul(i la* maintained at a 
tt*mjH‘rjiturc oi fiO F to tK) F. 

Trmpf rinij d’he* tempe‘ring pnxTss. for e-ertain purpose's, is 

e‘tirrie*el euit by placing the harelcned stee*! artie*les in an oil bath and 
lu'ating the* latt(*r to the* reMpiin'd t(*mp(‘rature. S]M*eial blemds e)f 
t(‘mpe*nng eiils are tieiw avaifible* fe>r this purpose*; thcvse will give 
te*mpermg te*mpt‘raturt‘s up te) abenit ,*17(1 (’. (7(M.l F.). A typie*al oil 
contains 113 per cent mme'ral eiil anel 7 pe'r e*en( saponifiable oil and 
has a s|HM*ifie gravity ofaleout ti ll and flash point of 251(1 (\ F.). 

Qfif'nrhnff/ Saif }inth*< .Mixture's ed’ ce*rtain salts such <is potas.sium 
anel seMlium nitrate's w he*n me>lte*n give* a range' e)( epie*nching t(‘in}M*r- 
ature*s fre>m l‘I7 (* (feir oo [)arts eif the* forme*r anel to ed' the latte'r salt) 
tei for the* tonne*!’ salt alone: sexlium nitrate* fuse's at 2S() V 

Salt baths are parti<*ularly use'ful for (funtchuaj hajh-npevd allot/ tool 
steel/i whie'h, afte*r se»aking at the e'e>rrt*e't tem|K‘rat lire's (75(1 te) Sod (\) 
for the'ir e’ompeisitieais, are* etuene'he*el in salt baths at 5(K1 te) (MM) (*. 
and vigoreiusly agitati'el. Afte'r attaining the salt bath temjHTatiire 
they are removeel anel alle>wt'd te> e'oe»l in the air. Afte'rwards, the parts 
may be tem|HTe'd in an e)il bath at the de*sireel te'm]H*rature, e.g. l(Kl 
to ,H,5(1‘ i\ 

It is alse» ])e>ssible tei irse tlu'se* salt mixture's for te*m]K'ring purposes 
sine'e the*v give a range* e*e)rre*spe)nding te) all the le*in|H'ring tempc'ratures 
she)wn in Teible 55. Fe>r highe'r tennK*rat lire's, such as those required 
for he'ating steels, mixture's ed' othe*r salts, sueh as barium chloride, 
(Hdussiuia e hloride.anel sodium e'hle)riele*,are employed. Thus, a mixture 
of 3 j)ftrts barium e hlevrieie* anel 2 ])arts jxitassium chloride gives a 
tem|M'rature range of 75(V {\ te) S5d’(\: fe)r lower tem|X'ratures the 
projKirtiein o\' {Hdassium e*ldoriele shouiel Ik* ine*reased. 
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Notes on Hardening Steels 

The following practical considerations art‘ applicable not i>nly 
carbon tool steels but also to certain of th(^ alloy tool stivls. 

(1) Rate of Cooiimj. When a sttel is quenchcil from its ajipropriate 
temperature for hardening, the degix^' of hardness uill (hqKmd ujHm 
the initial tempcTature of the cooling nu'dium and upon the actual 
rate of ctjoling in the medium. This rate is Ln>vcrned by the physical 
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pro]KTties of tlie uHslium, its relative* mass or volume in n*lation to 
that of tlie steel article, the deirree of agitation of the UHshum and the 
size and sha|X' of tin* article , the eflect of the latti*r inlluencing factors 
is dealt with later. 

In general, as ])r<*viously stat<‘d, the mon* rajial the (*ooling the 
harder will the st-eel Ik’coiik*. within c(*rtain limits, similarly, slower 
rates of cooling are associat<‘d with l<*ss hard struct ur(‘s. 

Fig. 73’*' illustrates the eflect of ditt'erent rates of cooling upon the 
liardness of a chromium stf*el I’ontaining t»15 jM-r emit (*hromium and 
<>'<>3 ])er cent (‘arlxm. The mirve also shows the intluence of another 
factor, namely, the iniiint quenching tewperaturf , the higher the lattfjr 
tcmf>erature is, the harder the st<‘el resulting at any given rate of 
c<K)Iing. 

• “The Hardening and l'ein|»»‘ring i>f Steel,” I*rofeHHor (' Kdwards 
{^'Engineering, 8th March, MHH). 
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In connection with the insults shown in Fig. 73, the initial temper- 
atures of ccM>ling rangc'cl fr<mi 12<K) (*. clown to 830° 0., and the rates 
of cooling from 2 to 20 minutc‘s. The material was heated in the form 
of I -in. culx's, in an electric furnace, and then cooled at various rat^s 
by placing in dilfcTent parts inside or outside the furnace. 

The maximum liardn(‘ss was obtained when the steel cube was cooled 
in 2 minutes from I2(K> and was about 0S5 on the Brinell scale. 

When th<* euU*s were cooled in air in the ordinary way from 1000° C. 
the hardness was 042, the sfHM'inien taking about half an hour to cool 
in still iiir u}»on an jisb<‘stos pa<L 

'rhf‘ hardness when th(‘ s])e<*imc‘n v\as allowed to cool for one hour 
in the furnace was 2K| . 

(2) Qinrirhintf Mi (hum. It will be ('vidfnt from what has already 
Iksmi statc'd that the rat(‘ of cooling is uovenu'd largely by the nature 
of t lie cpumehine mcMlium and its t<‘mp(‘rat ure. d^hus, if a j)icH*e of red- 
hot high-carbon st(‘el wi‘re plunged into (‘old w'ater and moved about 
((uickly it would attain its maximum hardnc'ss and temsile strength, 
but would be brittle. If ([uenched in boiling hot watc'r, it would be 
less hard and brittle. Oil and britu' are used for quc'iu‘hing baths in 
case.s wIktc (‘\trem<‘ [iardn(‘ss is und(‘sirabl(‘ or thcTC is a risk of 
(‘ooling stress(*s, distortion, or (*ra(*king \vh(*n cold wat(*r is employed. 
In th(' case of small articl(*s such as drills and r(‘anu‘rs, w’hcT(‘ the rate 
of cooling would be too groat if water w(‘r(‘ used, so that brittleness 
wotdd occur, a liigh flash point mineral oil would be employed to give 
a sIowcT rat(‘ of cooling. Watchmakers' drills ar(‘ (dten hardened by 
heating tlunn to a n'd heat and pushing th(*m into scviling wax or 
pitch, in order to pr-event too rapid cooling. 

In instanevs whcTc* a rapid cooling ac'tion is ncHossarv for obtaining 
<‘\tn*nw* hardness, as for glass drills, tlu^ heatcal steel objects are 
cpienched by holding them undtT the surface of mercury, wdiich has a 
much greater heat eondmiivit v than oil or water and a higher specific 
heat. 

(ortain of tlu* alloy steels, for (*xampl<* the grade of nickel-clirome 
steel known as tlu* “air-hardening" one, are hardened by heating 
to the recommended tem|M*ratun* and cooling in a blast of air; in 
this (‘onnection it may Ih^ mentioned that very small tools used by 
watchmakers are sometimes hardened by heating to a (*herry-red 
heat and ccxding by waving in the air 

(3) IhiUimj Steel .4r//r/c,v. It is im|K>rtant when hardening to lx* 
able to obtain a uniform tem|H‘rature in the furna(*e; to wnitrol this 
temjK»mture; and to have pro|)er means for as(‘ertaining the correct 
t(*m|x*rature at the place where the {xirts are being heated. 
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The x)rinciple empkned in Inhaling up ubjectH fur hardening ia to 
heat them sufHeiently slowly to allow the tein|KTatnn' to l>eootne 
uniform throughout the whole mass id' the objects : otherwise, if heated 
tcK) quickly the surface corners and projecting parts, such as the (c*cUi 
of wheels or cutters, iK'come overheated, and wh<*n subsetjuently 
quenchetl they iH'come brittle and tiseless. 

Another eft'ect of too rapid heatitig is to cause the objects to warp, 
or deform, owing to the varxing tein|KTaturt‘s at diffenuit pwirts of 
the objects causing unequal expansion stresst^s. 

It is also very important to avokl o\ei heating sUads of all Linds, 
us this causes oxidizing or dmnnng,” oft(‘n with the formation of 
slag or impurities, the stnmgth prt)|HTti(*s are n‘diirt\l. and iTacks or 
even fra(‘tim^s occur (luring the (pienching o|KTation. 

The fracture of a burnt or overheated steel ii* white and crystalline, 
more particularly at the surface or (‘dges. If the is not at a 

uniform t(‘m|KTature before quemdung, it is a]>t to crack during 
quenching owing to unetpial contratdam. 

Small objects <'an be tdle(*tiv(dy heated in a muIHe or smith’s 
furnace by enclosing in a wnaight-iron ])ipe, ilosed at om* end, the 
Indiig rejM^atedly turn<‘d during the h<‘ating procc^ss to ensure a 
uniform temjx'raturc. 

(4) Effect of 5/u.s.s, TIh‘ “mass," that is to say, the hulk or size of 
the object to be hardened, lias an important iidlu(*nc(* on the final 
hardness. J.#arg(‘ solid objects wlieii (pienehed cool from th<‘ outside 
inwards at a given rate, w hennas in the ease of small objects of the same 
material the h(‘at is conducted away much more quickly, and th<‘ effect of 
a higher cooling rate is obtained. It is tluTcfore more diftieiilf to harden 
large masses satisfactorily, and in many cases the mierostru(‘ture ami 
mechanical profx^rtics vary considerably from the outside* to the* eentre. 

The effe(*ts are most mark(*d for large* masses wh(‘n the quemching 
is most drastic. In this eomieetion the* re*suiis may lx* quot>e*d of U*rttH^ 
upon exactly similar steel culxjs, e*aeh of IHin. side*, he*ated gradually 
to the same uniform tem[x*ratun* of IKK) (\ throughout their whole 
mass, and then allowe*d to eexd in the following ways: (a) iqxm knife- 
<*dgt*s in air, (6) by plunging in oil, and (r) by plunging in cold wate*r. 
The air-cooled cube* was found to give uniform strength results tbremgh- 
out its w'hole mass. 

The oil-(‘ooled culxj, which cex)k*fl fairly rapidly, gaves a higher 
te^nsile strength and lower elongation than in the ease of the 
air-cooled one, and these projierties were fairly uniform throughout 
the mass. 

* ‘The Effect of Mans,'’ E. F. Law (/Voc. Iron nnd SteH Jnstitnie, 191H). 
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Tlu* wat<T-quenched cube cooled much more rapidly than the others, 
and the tf^n^ile strength and elongation were found to vary considerably 
from th(* centre to the outside. It was noticed that there was an 
important difference between the (*(M)iing in oil and that in water, 
there Ixung a Hudden slowing up in the “cooling in oil’" case in the 
low'cr rangers of temjKTatures as comj)ared with the cooling in water. 
The time required for the centre of the cube to cool from 9(X)^ (\ to 
540 C, was almost th(‘ same in both ea.s(*s. but in the cooling from 
540'^ C. to 315 (\ the cu1k» in oil took nearly tu^ire the time, and from 
315^ (' nearly ftrur as long. The differences w'ere even greater 

lor the outside of tin* cube. 

It should be remembered that with large or complicated shapes 
in which different ])arts (*ool at different rates, internal stresses are 
very a])t to occur fluring cooling: in general, large and intricate parts 
should not U* (gienelKMl in cold water, but in hot water, brine, oil, or 
air. Fragile and larg(‘ objects are frequently hardened by quenching 
in tallow, brine, or lime, or in warm water first, and linished in oil. 

Tools, dies, and jiarts of eomplieatfMl shape may be partially 
quenched in water until they have falUui in temperature to a black 
heat, and then ])lung(*d into hot watfT or oil , in this manner hardening 
stresses an‘ avoidfsl and the risk of di.stortion minimized. 

A method adoj»te<l lor hardening milling cutters and irregularly 
shaptni artic'les, which are liable to crack or to warp, is to quench in 
warm water at 3(1 (’. to 3S or in a bath of water with an oil 
layer on top 

(5) Effect of Shdpt of Arfich. I.,ong slendtT objects, such as tubes 
or rofls, should Im‘ qiuMiched in a vtTtieal position in a warm bath. 

Parts having hollow shapes, such as partially drilled objects, 
hollow eylindrieal shapes with one end elosed, hollow milling cutters, 
dies, and similar objects should always In* quenched with the open 
side uppermost, in order to allow the steam to esea{K% otherwise it 
would prevent the hardening medium from coming into ct)ntaet with 
the hollow portions of the object and cause s()ftm‘ss there , this is the 
principle of a local softening process for hardem^d jiarts. In the ease 
of objects of varying thicknesses, the thickest ])arts should enter the 
quenching me<lium first . 

When jwirtvS art' tjuenehed they should Ik‘ held, or rather moved 
about, in the liquid until such time as they an^ quite cool; they must 
not Ih* thrown in and allow tnl to fall to the bottom, otherwise the 
h>wer surface ptvrts near the lx>ttom will not cool as quickly as the 
other jKirtions, and unequal cH)oiing stresses and warping may occur. 

Steel objects having holes in them are apt to crack during hardening 
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unless carefully attended to; it is often advisable to plii^ holes iihich 
do not require to Ik' hardone<l with soft iron nnl or tirYH'lav. 

Obtaining Bright liisuit.s, Nornially, jK»lishe<l earbon steed articles 
iK-eome dull when hardeiUHl by heating and ijiieiKdiing. If. lamever. 
the quenching solution consists of 3 to 5 {kt cent of strong sulplniric 
acid in water, the parts will retain tludr |K)iish after quenching. This 
method can Ik* usc*(1 for punches, drills, taps and reamers. After 
quenching, thorough washing in clt*an ^^aler is n<‘cessarv. 

Volume Change in Hardening 

In general the voimne is increas«‘d by hardening atid redinnal by 
subsecjiKMit t<‘!nperi?ig Thus, on hanlening stet*l har< 4 in. long by 
; in. (baineter tht‘ huiglh was tound* to menvist- b\ 0<MMq in. to 
t)-t)(U4 in., and tlie (li.oneter b\ 0 (KMt3 in to (ttHl.'h) in. 

On tein))(‘ring. the ItMigth (h‘erea'-ed t)(HM7 in. to d*OH>K in. as 
compared with the original 4 in . aiai llie dianu'tei v\as increased 
OOttoa to O t)OLM> 

In the cas(‘ <it high-.spe(*d tungsten-cliroiniuni su‘(*l the following 
values W(‘ri‘ ohtaiiasil - 
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Automatic Electric Hardening Furnace 

An in1en‘sting method of h.irdening .steids which giv<*s uniform 
result'^ in ])roduction hanlening is emhodiinl in the \Vitd> iiartield 
haislening ajiparatns, wliicli is shown illustrated in Kig. 74. 

The principle* of the inelliod u^ed (i(‘[H*n(l.s nj)on the* fa<*t that at 
the eriticai or Ar. 2 ]K)int (which is tlie ])ro|M*r teinperalure for hanl- 
ening) the metal heroines non-magnet ic. A galvanomet(*r is proviih*d 
ibr notifying tlie ojHTator immediately the corns't (jueriching 
tem|K*rature has bcsoi attained. 

The furnace lias a refractory lieating ehainlKjr surrounded by a 
closely wound helix of alloy wire, the electrical resistance of which is 
used to produce the neecssarv heat. A controlling resistaruie in the 
circuit of this coil permits of varying the strength of the current and 
thereby the heat of the? funiaee. Sup(*rimpo8ed on the main heating 
winding is the secondary or indicator winding electru;ally connected 

♦ J. E. Storey, Atntr. Math., 20 th February, 190 H. 

+ ProfoBsor (\ A. Edwards. 
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to the ma/piHic indicator on the control panel. The whole fumat* 
unit, as above is thoroughly lagged to reduce heat losses to a mini 
mum, and is surrounded bv a substantial case of polished aluminium 
with east ends 

The control panel (arriew — 

(a) The magnet k indnatoi by M-hich a visual indication of the 
quenching rnonu nt is gi\en to the ojx^rator 



1 Ki 74 Ihi W ri n IUkhi li> Ai roMAiit 
H \HI>1 MN< lUlHNAt F 

(b) The regulating ilieostat lor (ontiolhng the furnace temperature. 

(c) The naming lamp hu h lights up m h(*u th(‘ excess teiii{)erature 
t ut-out cqHiates 

(d) A pyronu'tcr lor'regulatiiifj the su[)erhea1 of the furnace and 
lor use w hen refining or annealing 

The electrieal oircuitM of the complete equipment are shown 
diagrammatieallv in Fig 75 I> la the sec Pindar \ or indicator wmdmg 
on the furnace easing, F is the primary or heating winding on the 
furnace chamber, MC is the moving (*oil of the magnetic mdicator 
This has a pointer attached to it wdiieh moves over a scale like an 
ammeter or a voltmeter, S and P are the secondary and primary 
w'mdmgs of a coil generally designated the c^ompensator , W is the 
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winding on an electroiuagnot In'tween t!u» j>oles of which the coil MC 
moves. 

Normally, an electromotive force is indtimi in !), which is oppostni 
and completely neutralized by an equal elect roinotive force induced 
in 

As soon, however, as a piece of steel i.s intrnduml into the furnace, 
the electromotive force in /) is augii>ented by tlu‘ presence of the steel, 



Kiu 7.5. Diaouvm of 
( no « ir Ai toma'ih Ki.m''iuh Ki hna( i: 


the electromotive force (>])])osintf it in S is ovcrjiowered and a small 
current circulated through M<\ (*au.sing it to move on its axis, the 
pointer generally being d(*tle('ted right across the scale against a 
stop, against which it vibrat<*s so long as the steel is in the magnetic 
condition. 

When the steel has nearh attained the non-magneti«‘ condition 
the pointer leaves the stop and comes slowly dow'n tlie scal^^ Finally, 
when the steel has lost its lust trace of magnetism and is in exactly 
the right condition for quenching, the |)ointer ceas<*s to move. 

In practice the ojKTator simply charges the furnaces with the st/cel 
to lie hardened, and allows heating to continue until th«‘ pointer of 
the magnetic indicator shows when to quench. 

Referring to Fig. 74, the inner jKit A is the fumac‘e chamber, and 
contains a special mixture of salts having a comparatively low melting, 

6 — <T.5303} 
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but a high vaporizing, ]xnnt. The pot A is wound with a heating 
(ioiJ and k*tueen this coil and the outside of the furnace Z> is a 
MjKJcial non-condu(;ting lagging (\ The ends of the outside insulated 
copfxT windings E are coniie'*te(J to a special galvanometer. 

When a curri*!!! of electricity is passed through B it quickly heats 
the furnace and renders the salt molten. The winding B also magnet- 
iz<*H any sU^el article that is placisl in the furnace. Immediately the 
critical temfH*rature is attained the steid loses its magnetism and the 
galvanom(‘ter indicator at once notities the fact ; the articles are then 
at th<^ <*orreet temjHTature for (pienching. 

Case-hardening Carbon Steels 

'I’hese an* low-(‘arhon steels of the mild steel class containing from 
O'lG to G-2G |K*r cent carbon, with 0*25 to 0-4 |ht cent silicon and 
0-55 to 0*65 jK'r cent manganese. In the normalized condition these 
sU*els have i leld fK>int of 14 to 15 tons p€*r sq. in. and a tensile strength 
of 25 to 55 t(jns jx'r sq. in., with 25 to 30 ])er cent elongation on 1 J in. 
bar and 50 to 00 |k.t cent reduction of area. The Brinell hardness in 
the normalized condition is about 110 to 140. 

Such steels resjKmd to heat -treatment to a certain degree. Thus, 
whcui a 01 2 carbon steel is vvat(*r quenched from OIK)'^ C. and then 
reheaU'd to 700 (’. and water (|uenehed it gives a yield point of 20 to 
24 tons JKT s(p in and tiuisile strength of 35 to 40 tons per sq. in., 
with 20 t(j 25 jHT cent elongation and 50 ])er cent reduction of area, 
with an Izod impact test value <»f 50ft.-lb. 

Although not so strong or tough as the alloy case-hardening steels 
mentioned later in this volume, the carbon steels in question are 
capable of giving a suOieientlv tough core combined with an extremely 
hard surface layer, after carburizing, for a wide range of engineering 
appli(*ations. 

Typical examples of the latter inelude (*ase- hardened pins, fork- 
<*iuis, small gear wheels, eamshafts, levers, spindles, stampings, 
prt*ssiugs, valve tappets, valve rocker rollers, ratchets, pawls, small 
mechanisms, parts requii;ing hardened wearing surfaces, e.g. holes in 
levers and fork-ends, etc. In general such steels are employed chiefly 
for lightly stressed parts requiring hard wearing surfaces. 

The Case-haidemnK Process 

The low'-carbon (and also alloy ease-hardening) steels are given an 
extremely hard surface layer by a suitable carburizing method, w^hereby 
the perwntage of carbon is increased to about 0*90 to 1*10 per cent; 
by suitable heat- treatment, e.g. heating to about 860° C. to 900° C. 
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and water quenching, the full hardness of the skin is attained, leaving 
the core in about its ordinary condition. 

This process enables parts to be mac‘hined befort* hardening, gives 
greatly improved wearing qualities combined with a tough but 
ductile core, anti avoids the brittleness asso(‘iated with the higher 
carbon steels when hardened throughout their mass. 

The original proci'ss of case-hardening, whicli is still employed in 
certain instaiu'es, c<)nsists in packing the mai hiiuHi stct‘I parts in iron 
boxes and lining the base, side^, and top wit li <*arbonaccous material such 
as charcoal bone black, leather, horn parings, etc The s]>aces l»^'tweeu 
the articles are also packtHi with the same material and the box is 
sealed so as to b<* air-tight. It is then plaaii ui a furnace and 
heated to about S70 C\ to 950 C for a |HTiod varying from 4 to 15 
hours according to the de))th of cast* or skin rcquirt*d. 

The articles are either <|uenched from 900® (\ u)>on withdrawal 
from the boxes or are allowed to cool in the l>ox and then rtdieated to 
about 9(K)“ and quenchtHl They are then rehetUed to just above 
the At. 1 critical |K)int, i e. at about 700 (\, and quencluHi; this 
process refities the Mructun IiitiTiial strt‘sses are largely removed 
by a subsequent reheating t<» about 200" (\ 

The cementation tem|M*rature at which tht* feme carbide passes 
into solution in the iron de|w*ndH upon the carlKin conUuit, Ixung 
higher for the lower carbon contents Thus, for carbon }K*rceiitagcs of 
0 15, 0*30, 0*50, 0*70, and 0*90 the corresponding t<‘injK*ratun‘H art* 
SH5®, 830", 780 , 750 , and 740 (\ iv.s|M‘Ctiv(*ly 

As the jiercentage of carbon increases from 0*90 the formation of 
free cementite occurs, and the temperature again rises 

In the case of a low-carbon content steel, at about 900U\ the 
solution of carbide of iron in iron is a dilutt* oni*, < apablc of taking up 
or of dissolving much more carlion or carbide of iron than it originally 
<‘ontained. If, then, this steel is j>laccrl in contact Hith a suitable 
carburizing agent, whether solid, liquid, or gaseous, carbide of irrm is 
formed therefrom, and is dissolve<l and diffused into the steel. 

The carbon content of the “ease" can l>o controlled to a large 
extent by regulating the cementation temperature and the composiuon 
of the carburizing medium, whilst the depth of the case is governed 
by the period of time during w’hich the cementation tenqierature is 
maintained. 

If the steel is allowed gradually to cool down, it will Ije found to 
consist of an outer shell of pearlite or jxjarlite and cementite, with an 
inner core of ferrite and pearlite, the former being in excess. The 
ferritic structure of the core is left rather coarse by the carburizing 



\r>H 


K JIN B EETN(i MATERIALS 


<»[K*ratif)n, so that it a(l'’isii))h* to n‘h(‘at the articles as p^eviousl^ 
(lescri 1x^(1. 

Th<* ()|K‘ralion of hjirddiiu^ the carburized steel part leaves the 
\^ith a ferritic or ferritic-and-pt^arlitic core, or interior, with an 
oiit(*r ca.s(‘. or shell, of }KMrIite and cement ite. 

'Die stru(*turc of ji case-hardened mild steel can be examined 
rnicrosci^pically, and it caji at once be seen \vh(*ther the case is rich or 
pf>or in carlxHi, and to wliat depth it has penetrated. Fii^. 70 shows a 
typical mi(Tophot(j^Taph of case-hardened mild steel. 



A cimM-niciM nicthoil* for cv-iiiiiiiimj tins hIh-I in to polisli in the 
usual tnaiiiicr, after heatiii}; in chareoal j)()\v(kT to about 7(50 
(just al.o\r tlie reiales.s-iice point) aiul allow in;: to cool slowly; this 
process will not earhunzi' the metal lait will convert the carbon of the 
liarih-ncd steel into the [Ksirlitic eon.tiiion, Ky etehing. after jmlishing, 
with a strong acid, tlic dejith of the carlmriiM'd layer and the approx- 
imate carhon content may he n-adilv ascertained’. Alternatively, the 
sjieeimen may Ik- ground at rii-ht angles to the surface, iwlished, and 
acid-etched, when the high-carUm. or hardeiKsl layers, will apfiear 
as dark |>ortions gradually merging into (he ligliter ]iarts of low -carhon 
stiH'l, a.s shown in Fig 7<». 

Heat-treatment Processes 

The tcm|H»raturc ol quenching cast^-hardening steel is important, 
from the jH)int of view of tlie meehanical stnuigfh }>r()]x»rties of the 

* Omiiond. 
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core If too hij^h the eon" will Ix' harder and toimher hut the caae will 
be brittle if too Iova there is a rmk ol hoft *.fM>ts ’ tlue to the brt>ftkmg 
down of the solid solution state Sinulailv, d the Muuentation teiu|ier- 
ature is too high the <<ise will contain a hitrher i*arlK)n lontent and 
will more hrittl<‘, although harder It nia\ lieie Im' of inten^st to 
quote the n‘siilts < 1 some tests* made u|k>u I in bos oi o IT |xt rent 
uirlxm steel (with 0 Os |k r <<iit s!ht<»n uid 0 so |H*r iviit manganese) 
The bars wt'ie t <irbuii/(Ml to? Jl bouis m a bov and some wen <‘ooled 
111 the ho\ rehtateil to *HH) (’ and (|uen( lied in water The »‘is» was 



in 77 Sho\\jn<, [HI Noi MAI i/iN< Xsmoim am» 
}IvinMSIN< ikWeiS IlMIllMIIISXM (OMHHSOI 
( \i HON Sums 


then ground awa\ .md tlu <ore testisi Th< birs ga\e a miein vicdd 
}K)int ol tons ]K*r s(j in linsili stungth of oJ tons yn i s(j m with 
22 f) ]KT <ent elonir<itioii oid a Hum 11 h.irdiK ss ol .‘102 

Other bars wen (ooksl in fh< ho\ and nduatid to 000 ( and 
(|uen(hed 'Fhev were tli<‘ii nhiatid t(» 770 (’ and quern licsj, after 
which the <asc was ground aw 'lie \h Id fMiiiit .oid tmsile Ktrcngth 
w(‘rc 2!) S and 41*7 tons yier sq ni nsysMtuclv, with .’15 ysT (amO 
elongation and a Hrin< II hardness of 201 In tin former (oiidition the 
lernc (arhidc in the rase and core eaii dissolve at the (*\isting temy)er- 
ature ymivided a laige excess oi carbide ih not yirew*nt hut the <aw^ 
IxM'onies uverheatcsl <ind is therefore ervatalline. as shown b> the 

* ( tHUtiif n ml Stfs Is and tie ii Heat tn atimnt, I H HoMvn, /'/<>< InH 

1 uiom h ttffrfi , 1 9 j S 



160 


ENOINEEBING MATERIALS 


fuerhanicaJ tent figureB. In the latter process the structure is refined 
and the material is in the best condition for practical purposes. 

Subsequent reheating to about 150® C. to 250® C. in an oil bath for 
the purpos<?s of relieving quen(*hing stresses is recommended in most 
(‘asos. In cases where jHirta are not to be subjected to shocks they may 
b#* quenched from 900° C\ immediately upon withdrawal from the 
carburizing boxes and 1 ben rehealed to 760° C. to 780® C. and quenched 
again. Alternatively, the parts may be allowed to cool in their boxes 
and then reheated to 760 (\ to 780^' (\ and quenched. 

Parts liahU to sh)ck ffferts under working conditions should be 
allowed to cool in the boxes, then taken out and reheated to a 
full (iherry red (810° (\ or 1490° F.) and quenched. They should 
afterwards bv reheated to 760° (' to 780° (\ (1400° F. to 1436® F.) and 
quenched again. 

For articles that are liable to unirp, the following treatment is 
rec'ommtmded — 

Allow the parts to cool in the boxes, reheat to a bright red 
(tMKl® V. or l<)52' F.), and cool in air ; then reheat to 760® C. to 780" (’ 
(14<K)° F. to 1436 F.) and quench. Oil quenching is often substituted 
for w'ater quenching, but the case obtained is not so hard, although 
the risk of distortion is lessened. 

Depth of Case. The depth of |K*netration of the carburizing carbon 
for any given steel depends princijially ujM>n the time of the carburizing 
process and the tempernfur< To illustrate the influence of these factors 
mention may lu‘n‘ be made (»f .some tests made by (fuillet* ujion iron 
and also steel ('ontaining 0-5 ]K»r e(*nt carbon. It was found that the 
depth of case for a carburizing peritKl of 8 hours and temperature of 
KKXl C. was the same in each case 

When the iron was (*arburr/.ed at KXHl C. for jieriods of I, 2, 4, 
6, and 8 hours the corn‘s|K)nding depths of ixmetration of the carbon 
were 0*5, 0*8. 14), 1*3, 2*0, and 34) mm., thus showing that the penetra- 
tion was a function of the carburizing |)eri(Ml When the temperature 
of carburization was increased from 806 (' to 1050 C. it was found 
that the depth of ixuietmtion after 8 hours increased progressively 
from 0*5 mm. to 5*2 inm. 

Case-hardening Materials Apart from the carbonaceous materials 
pri'viously mentioned, then' is a fairly wide range of other materials 
— solid, liquid, and gaseous —that can lx* employt'd for case-hardening 
purposes. A popular workshop method is to sprinkle powdered potas- 
sium ferrocyanide ufxin the heated iron or mild steel when at a cherry 
rt'd heat (about 800® C. to 850° (\). The salt then fuses and traverses 

* Me mot res de la. Socieit dts Ingerttems f'tmls de France y 1904. 
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the surface, giving off fumes. After n»i)eating this [iroooss several 
times the metal is cjuenched in uuter. The case thus obtained is very 
hani but of relatively smalJ depth. 

Other alternative materials that can Ih‘ eraploytHl in this manner 
are a potassium ferrocyanide and potiussium bichromate mixture in 
equal parts; and sodium ferroi'vaiiido (0 ptirts) to anhydrous scxlium 
carbonate (1 [wirt). Another effective mixturt', kiiov^n as (Juillet's, 
consists of barium carbonate (4d |kt ctuit) and charcoal ((id jer <H*nt); 
this is used in the box carburizing method. 

The most effective of the carbonac<x)UH materials ap]s‘ars to l>e a 
mixture of \\ood charcoal (11 parts) and l>one black (1 part) . of a wide 
range of alteniative materials lt‘sted by II. L. Heatheole. this gave 
the greatest ratio of total case volume to v<»iume of mixture 

To Main colour ffftctfi when e.isi^-hanlening it is usual to enqiloy a 
mixture of (‘harre{l bone and leather, 12 parts; wihkI ( h.ucoal, 6 [>arta; 
potassium ferrocyanide, I ]mrt The parts, t* g Uw)ls, ire lirst 
jx>liMhed and degreased They are then packt‘d into rnedil containers 
with the case-ha nlening mixture mentioned previously and heated to 
rather lower than tin* usual c<ni)oni/ing tem|H*rature, t‘ g a dark 
cherry-red, for (he Is'st results Tlu‘ heating p(*rio<l is I to 5 hours. 
After quenching in wclI-agitatcd water tin* parts are placed in boiling 
watei and then removed for drying in sawdust. 

The Cyanide Process 

rarburizing is also effected b\ using moltin cynnidi miU or mixtures, 
whereby both the carbon and nitrtigen Ix'eome the active carburizing 
agents. 

Sodium cyauidf. This salt is much used commercially for caw*- 
hardening purposes and is sufiplieil in the form of jicllets or “Oyanoids’* 
of practically pure sodium cyanide * This salt is not used alone, 
howev^er, since* it would decomfHise too rapiilly and tend to give too 
great a cfmc(*ntra1ion of carbon in the outer layers of the ease. It is 
therefore used with about an ecpial (piaiitity of sodium (*arbonate in 
iirder to slow down the rate of decomposition. Thf‘ use of the latter 
salt enables the strc‘ngth of (he bath to Ixj maintained by (be addition 
of sodium cyanide alone. 

The main reaction in the cyanide bath is lK*heved tf» lie as follows — 
4NaONM 40^ - 2 NV '03 r 2(H) ^ 2S\ 
and afterwards, insidt* the steel IaUi<*es — 

2<HJ CO^ i (' 

Catisei Cyanide Co. Ltd., Oldbury, Birniirigharn. 
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In all ca«o- hardening carburizing processes the chief active reagent 
is generally supposed to bt* carbon monoxide. 

Wlien the cyanide and carbonate salts are fused and ready for 
use the' surface is cf>vered with a layer of graphite in order to prevent 
exeessive decomjKwit ion , the layer should not l>e too thick as some 
air must b(» pfTmitted io pass to the cyanide for the proper reactions 
to occur. The hardness of the surface layer of steel treated by the 
ey ankle method is due not only to increased carbon content but also 
to increased nitrogen content : the presence of nitrogen prevents the 
carbon concentration in the case rising sufficiently to promote forma- 
tion of the brittle cernentite ^hich o(‘casionally occurs and is the 
cause of subsequent “exfoliation” or cracking of the case during 
quenching 

The usmtl procedurt for cyanide hardening is to leave the steel 
arfi(*les in the bath foi about 2 hours, then quench in water or oil 
or cool in air, carburizing should take place at 930’ C. to 950° C. (for 
delicate parts, 850 (!.) The parts after tlu‘ first quenching should be 
reheated to 7fi0 (\ and (|ucnched in water 

If, however, carburizing takes more than 2 hours, after the first 
(juenching the parts should 1 h' reheated to OtM)'" (\ and quenched in 
water or oil 

If inaxiinu!!! hardness is not recpiired or if the are liable to 

distort, the (juenches should be done in oil 

For cheap class<'s of work with a thin case of, say, 0*005 in., it is 
usually sufficie*nt to (piench direct from the cyanide bath. 

In regard to the depth of the case, this dcjiends iip<m the temper- 
ature of the cyanide bath and also upon the jK'riod of immersion. Fig. 
78 illustrates the efic(‘ts of these factors upon the depth of case for 
a normal case-hardening steel of 010 to 0*20 jht cent carbon 

It should Im' noted that the carbon content of the case is usually 
about 0*8 |K»r cent with the cyanide and (*arbonate bath, but a content 
of 1*1 |KT cent (*an be obtained in a cyanide bath if kept to its maximum 
strength In regard to the carburizing times, it will be seen from Fig. 
78 that depths of <'asc up' to 0*06 in. can lie obtained under favourable 
conditions. In practice it is usual to n'ckon that a case of 0*005 in. is 
obtained in 30 mm. carburizing time , 0*015 in. in 1 hour ; and 0*030 in. 
in 2J hours. The cyanide pro(»ess is usually (*onsidered to be the 
oheaix'st and quickest for cases up to 0*015 in. depth; it is jioasible, 
however, by the ad<lition of s|K*cial ingredients to obtain depths of 
caiw» up to 0*1 (K> in. 

For stet'l |>arts requiring detqier cases than those obtainable 
b} the use of ordinary cyanide baths, special c^se-hardening salts. 
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such as (tassel’s “Rapideep” and Edgar Vaughan’s “Perliton,” are 
recommended. 

Among the advantages claimed for the cyanide process over pack 
case-hardening are ; (1) The reduced warping and distortion due to 
more even and quicker lieating; (2) absence of scaling, the treated 
parts l)eing clean and of pleasing ap|)earance; (3) cheapness; (4) 
rapidity ; (5) absen(*e of decarburization ; and (6) tougher core resulting 
from the shorter |K*riod of exposure to the high temperature required 
in carburizing ; this enables the <‘ore to be more readily refined than 
for pa<*k-hardened parts. 

The case with vhich the cyanide process can be carried out renders 
it applicabk* for the surface- hardening of inexpensive articles which 
otherwise would not pay for hardening, their useful life is extended 
considerably. Snudl parts which are difficult to harden by the pack- 
hard(‘iung nudhod can be ('a.se-hardened by placing in a wire basket 
and immersing in the molten cyanide. Moulds for plastic materials 
can Ik' made from relatively soft steel and then given a high degree 
of surface hardness of clean finish by the cyanide process. In general, 
the surface* finish after case-hardeming by the cyanide method is a 
clean and bright one so that any subsequent polishing necessary 
requires a minimum of lime. 

Carhuriziiig in Gases 

Articles can lx* casi'-hanhuied In lieating them in hydrocarbon 
gases to the pro|K‘r temfH*rature Typical examples of gases which 
have been us(h1 arc acetylene, coal gas which has bi*en freed from 
sulphur by bubbling through carbon disulphide, and petroleum 
vajHiur. Tin* results of tests upon |-in. rods heated for about an hour 
at SS()"(\ in pure acetylene gas showed that the acetylene was coni- 
pk‘tely decomposed, the carbon Inung deposited upon the sjiecimen; 
the thickness of the case was 0 (H)()4 in, after three-quarters of an 
hour. With a mixturt* of 1 volume acetylene and 12 volumes coal gas 
the s|K>cimen, after an hour's ex|K)sure at 880 ’ C., was found to be 
coated w itli carbon and' to have a case of 0*0147 in. thick. 

Mention should here Ik* made of the ease-hardening method, 
knowm as nitriding, when*by alloy at<K*ls and cast irons of special 
composition are surfai*e- hardened by heating to about 500® C. in 
contact with ammonia, this method is described in Chapter Vll. 

The Shorter Haidening Process 

This luetluHl utilizes a high-teinjKTature flame, such as the oxy- 
acetylene blowpipe, to heat the surface metal above the critical 
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temperature until it changes to the y-iron condition and the carl>on is 
dissolved in the iron : this is followed by a rapid ct>oiing so that there 
is no time for the iron t ^ change to the a-iron state and for the carbon 
to come out of solution. Thus, the steel is (inverted from the relatively 
soft pearlitic to the very hard martensitic condition. 

It will be seen that, unlike the }>Hck-hanicnmg or cyanide case- 
hardening methods in v\hieh the (jarbon content of the surface layer 
is incmised, the iShorler procf*'*" does not al1(‘r the <*arlHm cout4*nt of 
the surface steel, the coiufKisition of this Isang the mxiw as tor the c<>re. 

The hardnevss resulting from this process de|MMids uf>on the (M>mpo- 
sition of the steel. The hillowing table illustrates this point — 

TABLE 30 

HARr)NKS.S AND ( ’ VRBON CoNTEN'I {ShoKTKH ProCKSS) 


IVm*nt«gc of 

('nrhoii nruM‘ll Hanirx'Ms 

before Tn*Htni<‘ril 

HniuOl HanirioH' Hn<*r 
Sliorio. Trout tju'ut 

0 i:» 

110 

200 

o;jo 

1 00 

350 


200 

r>r>o 000 

<>•65 

2’»0 

000 0.50 

It should 

be mentioned that alloy steels of about 0*35 per cent 


carbon content containing nickel, chromium, molyhdcnuir. etc., give 
goo<l surface-hardening results with tlie Shorter pnx'csH, and liavc* th<‘ 
additional advantages of tougher and stronger con's. 

Sjiecial fiame hardening machines arc now in use to cover a wide 
^ange of sizes and shape's of jiarts In particular, g(‘ar teeth, crankshafts, 
camshafts, and plain journals arc provided for in existing Shorterizing 
machines. Thus, special means are jirovided for hardening the flanks 
of gear teeth by raising the tempfTature of the surfaev metal jirogres- 
si\cly to above the critical point, i.e. Indween 75(V(\ and C., 
according to the composition and quenching. In this way the hardness 
IS raised to 600-650 Brinell from the original 2()0-25t) value. 

It is true that certain volumetric charujfH occ*ur when st^eels are heater! 
above the (Titical temperatun? and rapidly cooled, hut as the treat- 
m(*nt in the present method is purely local, a comparatively small 
amount of metal is concerned ; further, the mass is kept cool as the 
treatment progresses over the surfaev to be hardened. For this reason 
gear teeth can be hardened t^ith so little dimensional change that it 
can be neglected in most cases. In extreme instances a slight amount 
of grinding can be allowed for in the machined gear. Gears of all sizes 
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HFO amonablo U) treatment by this proeesH; thus, the machines avail 
able can deal with ^(‘ars ran^^ing from those of a few pounds up to 
4 or 5 tons Worms and worm wheels <‘an be hardened on their working 
fa<*es: thus, the o\y-bieI gas flame travels in a horizontal direction 
to the rotating (horizontal axis) worm thread and, after quenching 
by means of five* sf)rays, causes an intensedy hard surface to be formed 
on the contact area of th(‘ worm. 



so 'IkIVIMINI OI V L\IM I I’lMoN \\ 111.1 I 1{\ I Ml. Shohii.u 
I'lMM 1 

An impro\('d process cnq>lo\ed for crankshaftvs, ])ins, journals, 
tools, etc., is that known as the Shorter 1 )ouble- 1 Iiiro one. It gives a 
v(Ty hard zone witli a gradual transition to the inner core metal; 
the process controls the de])ths of the hardened zone betw'een relatively 
wi<le limit-H an<l avoids .soft spots and exfoliation. Fig. Hli* shows the 
manner in which tlu' hardness of the case and con* of a 4i-in. diameter 
crankpin varies from the surface inwards. The steel in (juestion 
(^mlained |hm* (*ent carbon and 1*2 |H*r (‘cnt manganese. It will be 
aeen that then* is a ])rogn*ssive rediu'tion of hardness until at a dejith 
of 0*02 in. the original core condition is reached. 

• Hariletiiii^j; (YHuk8l[i»ft>< Tht* Shorter Doubh^-Duru Proc*<^8 for 
fyiincincnl Surfm•e^ ” Aiti. Kupt , August, 1930. 




' » m s\f Is ( I M H\» I I s|^< Mv, 1, M 
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Induction Suriace-hardening Process 

A method much used in America, and to some extent also in this 
country, is the elecdric. induction one based upon inductive heating 
in which a high-freriuency current is first transformed from high to 
low voltage, and tht* heavy low-voltage current is passed through 
inductor blocks which surround the bearing journal to be hardened 
(Fig. 85) without actually touching it. The inductor block current 


Kn-. 83 



'I’HK (iK/VIM A’MON Oh il.VKONKss HKIVVCKN TUK ('ASK AM) ( 'OKK 
ON \ U IN Divmktku ('hanktiv (Shoktek Process) 


induces I'urnuit in the surfacv of the metal which the block 
surrounds, and it is this induced <iirn‘nt which heats the surface to Ik" 
hardeiU‘d. When the area in (question has la^en thus subjected to 
an accuratcl\ controll(‘d high-fre<piencv current for the pro]x*r length 
ol tune, the elcctri(‘al circuit is oixmed and simultaneously tht‘ heated 
surface is qiumclu'd by a sjiray from a wat-i^r jacket built into the 
inductor block. 

In the ('ase of a cr^oikshaft, when all of the main and crankpin 
bt»arings have Ik'cii hardened the entire shaft is reheated to a low 
tem|K'rature, i.e. l)elow’ about 2(K)' C., in order to remove any int-ernal 
stress effects, A final grinding ojx'ration is then necessary to give the 
finished precision dimensions. The process, it will be observed, is 
similar in principle to the Shorter one and gives a surface-hardened 
zone blending gradually into the t*ore. 

The inductor blocks (Fig. 84) are hollow and contain holes for the 
quenching spray. Accurate time and tem|)erature controls permit the 
production of the corre<*t temperature in a minimum period of time. 
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In regard to the heating eurrent^, s[kecitieall\' ehoaen fn^queneiea 
firom 20<J0 to lOAHK) ry(*le« are iKnng utani ext4*nKiveIy at tlie present 

time, (^irrents of this nature, 

when caus^‘d to flow through 
an inductor, will pnKluce a 
high-frequency Tnagn(*tic Held 
within the region i f ilie indur- 
tor. When a inatriudic material 
such as is placed within 

this Held, there is a dissipation 
of eiuTgy in the stet‘l lH>th due 
to hysteresis and cdd\ <Mirrents 
Owing tt) tile well-known skin 
effect, the heatiin.' is limited to 
the outside layers. 

When the tcmpciMtun* of 
an indu<‘lively heated steel liar 
arrives at the critical v.dut', all 
heating due to hystc^csi^ ceases 
and that due to eddy eurrents 
etintinues at a greatly reduced 
rat<‘. Since the (mtire action 

goes on in the surface la\(*is, only that jiortion is arteeted. The 
original core properties are maintaiiu'd and the stirfaee hardening i« 



Fii. Hi, 'I’m: 'I n* i o Ki-i.ci uu 
IsiHciioN 11 Aitm.s is«; I’sn' koh 

MS UHli Al. I’AU’Is, 'I'mI. I'ei’KIl 

\km js Miscku 



Fio. Hf). Showing, thk Toreo Hahuksisi. I sit AiM'MKf* to 

(‘RANKSHAI-T Jf>rRN'AI. 


atx'omplifihed by quenching when eoinpleie carbide solution has been 
attained in the surface areas, ('oiitinucd appli<ation of pt>w'er causes 
an increase in depth of hardening, for as each layer of 8t43el is brought 
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to teiiijKjrat ure the current density shifts to the layer beneath, which 
offers a lower resistance. It will at once be obvious that the selection 
of the j)rop<*r frequency and control of power and heating time will 
make possible the fulfilment of any desired specifications of surface 
hardening. 

Induction hardening produces a hardness which is maintained 
through 80 per cent of its dejith, and from there on toward the core a 
gradual decrease through a transition zone to the original hardness 
of the steel as found in the core which has not been affected. The bond 
is thus ideal, eliminating any chance of spalling or checking. 

The surfaces of cylindiT liners for jxdrol and Diesel engines can be 
inductively hardened. 

In addition to the sei(‘ctive surface hardening of steels, there have 
lx*en other applications of induction heating of rather a unique nature 
Hardening a piece of steel and brazing to copper and other metals may 
bo done simultaneously. A small section of a previously hardened 
object can lx* dniwuj or softened to a condition possessing ready 
inachinability. Heating for forging and upsetting has been found to 
be a particularly satislactorv use tor iiiduclion heating. 

It is rec<)ininend(‘d that the steel used for parts to be hardened by 
this process should be of the fiiu'-grained tyjie. After forging the shaft 
or part should be normalized for luachiumg. 

Change of Volume after Case-hardening 

The case-hardening treatment is attended with certain physical 
changes, one of which is a small increase in the volume after (‘ase- 
hardening — that is to miv, a diminution in the specific gravity. Parts 
roquiml for accurate work, such as fine limit work, plugs, gauges, etc., 
must be ground after hardening, and allow ances must be made for this 
specific gravity effect. 

Local Hardening of Steel Parts 

In many cases, certain })arts only of aii article, such as those 
subjected to wear, abrasion, or blows, require to be hard, wdth the 
rest of the material soft. There are several methods available for 
realizing this result, ineluding the Shorter and electric induction ones. 

The Vickers process for hardening the wearing parts only of gear 
w'het'l teeth and similar objects, .^o that there is no risk of w^arping or 
inaccuracy such as often occurs with mass hardening, consists in 
drawing the exceedingly hot tlame of a suitably constructed ozy- 
acetylene blowpipe across the tooth face or other surface. The temper- 
ature of the flame is so high that the surface of the steel, to a depth of 
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from in. to in. as desirtni, is at omv raised to the hardening 
temperature. As the Ihune ])iisses ahmu thert' is an equally rapid fall 
of tem})erature due to the absorption t>f heat from the hot {»art by 
the eool remainder of the tooth, with the rt\sult that a dead hard akin 
is formed with no distortion etfeels a.s iii tiu* simitar Shorter proeess. 

Carbon steels ma\’ 1 h' Uxally hardened hv eovering |)iirts to be 
left soft with a t!)in nu'tal shield in iron or steel t*f alnjut 2S S.W.O., 
so that upon quenching steam is formed Is^tween the shield and the 
metal, which prevents the (‘(K)lmg medium from n»aching the metal 
beneath the shield. Alternativelv, a pa<l of tireelay or asl>estos, held 
on w’ith iron wire, may lx* iLsed. 

Obtaining Soft Areas 

In case-hardemiig pnn'twse.^, areas which re<jmre m Ik* left soft for 
machiniiiir, etc., should Ik* i-overed with iron or steel plates oi aslx^stos 
pads, or the ‘ areas ot sottness ' m4iy Ih* plated with copper or nickel 
lx*fore cas(*-liardenmu: , it has lK*c*n found that the carburizing luabTial 
will not fKUietrate such jihited areas. 

Another method is to leave* portions of the articles required to 
remain soft rather fuller. In in. to i in., than the tinisheii size*, and 
to grind off these parts after earbun/.ing. "riiis n*moveH the high-oarbon 
material, an<i the article* tlien may 1 m* rehiMted and quenched in the 
usual manner. 

CopjKT plating is often employed to protect parts that are to retain 
their original softness when case-hardi'ning the rest. IWd in con- 
junction with the cyanide-hardening met}»o<i, this protective moans 
gives satisfactory results. It is necessary that the jilating shall be 
rather thicker than for pack hardening, b(*cause a liquid carburizing 
agent makes much closer ccaitact with 1h<* metal than dix^a a BoJid 
cement . 

The steel should bt* eleanefi thoroughly Indore plating by ])ickling 
or similar means. If oxidi* in any form is iiresent the parts should lx* 
immersed in a pii kiing bath, consist imr of 1 ])art hvdrochlorii* acid to 
4 of water, they should afterwards Ik* rin.sed in cold wat(*r and dried 
by dipping into boiling water. 

To prevent copjx*r dejxisition on the areas to lx* ('arburized, these 
are coated wdth .special preparations known as “stop-off” inat^^riala. 
Sometimes the whole surface is cojqH^r platinJ ; afterwards the parte 
to be carburized have the copjx^r plating removc*d by means of a buff. 

Xeeol cellulose enamel lias bt*en found to give satisfactory reeulte 
for ”st/Opping-off/' or protecting areas which liave to be left soft, 
after the cyanide case-hardening o]X‘ration. 
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Fi^. 86 shows a niicTo-spotion of a (‘opper-plated specimen after 
a treatment in eyanide* at 850 ’ (^ for 2 hours 40 minutes. The section 
is cut at rigid angles to tlu^ surfa(*e which was in contact with the 
cyanide; it will be observed that there is no trace of carburization, 
but slight diffusion of the c(>p]K*r into the steel. 

Parts which have l)een case-hardened by ])ack- hardening methods 
arc usually cov<‘red with deposits. The latttT can be removed by 

immersion in a 1 : 10 caustic soda 
and water bath or, for harder deposits, 
by dipping into a solution consisting 
of 1 part of sulphuric acid to 2 or 3 
parts of water, follow(*d by immer- 
sion in the caustic soda solution. 

Flow Structure o! Steel, etc. 

It is freijuently of importance, 
in eomu'etion with the stamping, 
])ressing, forging, and general plastic* 
treatment of steel, to be able to 
evanune the lines of tlow', or grain, 
ol the metal. One of the commonest 
methods employed for this purpose 
is that ol sulphur printing, which 
utilizes tile effect of the small 
(plant it ies of sulphur pnvsent upon 
Sliver bromide printing ])afx)r. In 
liaumauirs method the surface to 
he examined is machined Hat and 
p(»lisluHi with (‘iiuTv pa}M'r I The silver bromide pajHT is soaked 
in very dilute sulphuric acid (ab«»ut 1 to 3 jn^r cent) solution in water, 
and is placed on the nu‘tal surfatv . the acid attacks the sulphides 
and lilieratos h\drogen sulphide*, which acts upon and turns the silver 
bromide dark in colour., 'Fhe auto-print is removed from the metal, 
washed, and tluMi immersed in sodium hyj)osulphite to fix (or remove 
the e\c(‘SH hromid('). The .i\erage |)eriod of time required is about 
1 to 2 luimiU's 

Although the sulphur print metluKl is eonvenient to employ it is 
known that local ph\.sicai or even lueehanic'ui defe(*ts can influence 
the indications of the sulphur print , fiirtlu*!*, phosjihorus can also give 
rise to the evolution of guvst's, prodm'iiig a dark stain on silver bromide 
paper. An improvtal method due to \ an Hoven and Ammermann, 

♦ C'asHol iVanide Co. 



Fkj so I i.i t sniAi Ml I n(>i> 
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Fig, ST Siiphttr PBrsT fkoh Foboed and Stamped i’kask^haft. HHcmiNn Satirfactok^ CJraiv 
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known as ’iiKTcnric sulphur printing, consists in soaking a piece 
of' thin silk with an a« i(i sf»lution of nicrcnric; chloride and applying 
it to th(* polis}i(*(l and c]('an<‘d st(‘<‘l surface. Sulphide enclosures then 
cause* a dark stain hy the* forinafnai of jnercuric sulphide, while the 
gas evolved from the‘ phos}>horus areas produces a yellow' stain of 
mereurie f)hos|>hid(*. A fiirthcT improvement is the use of a special 



la* Ss \\ISJ SlXMlMNt SHOW INC S\l|s|V(lOI\ IlOW <H MfTVL 


gelatme-eoated paper m phoe ol th(‘ mIU the }>aper being soaked in 
the reagent tor a U w minuti s btdore apphing it to the steel tor 11 to 5 
minutes lollowc'd h\ gtuitlc Nwahfung ol the p.ipei with cotton wool 
soakt'd m w«i1c‘i 

Fig ST* sli(»w> a typical sulphur ]aint made from a section of a 
forged and st<mipc‘d automobile engine ciankshaft, that the method 
of inanuitic t lire is satisfactory is shown hy the' Iloyv of thc‘ grain 

Allot hei mc'thod often (‘m{»lo\c*d of obtaining m.Krpgraphs shoyying 
grain fl )w consists m polishing the surf»»e«‘ tlioroughly and etching 
with a 1(1 to 2(1 |H*r ciuit nitiic* acid ^>lu1ion followed b\ a copjx^r 
reagcuit 

Figs SS, SP and Pd ^how the How structures of stamped and 

* 1 MiMi s\ ot t h< I It ut ii>H «>t Viitoinohih' Kmjiiiec'rs 



L( Si \ MI 1 I) ll<il I ()\\ HI M>l \ SM » IN \n <>\ Si I M SHi»V\ IS(. 

1 loN\ 111 Ml I \i \i «M N Him 



Fl(, Du \ VL%b I I KNUI PKOM Soilli IIHVUS ISaU (I MsVTlSI-Al 10H\ 
J Sim (Ti ui ) 
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turned Hieel valves for petrol engines ; the difference between 

the 8tainp<Hi valves in Figs. 88 and 89 and the solid bar turned valve 
in Fig. 90 is marked. 

Hoai tinting i.s another method employed, which depends upon the 
colours of the oxides of the iron and the phosphorus content. 

If polislied sections an^ heated to a certain temperature the 
phosphorus-rich portions ajijK^ar as yellowish -white streaks, and the 
fairer metal as a blue background.* 





Fui 91. Ma< aoi.u \i*i» (H 

SaM) cast PiSlOV IN 
IllDUMINU M K.U 53 
\ia MlMl M *\l I.OY 



Ki(. 92. M Vf U()(.K \i*n (o 

ST\MriN(. IN 

lliDiMiviUM K.K.59 

\l { MIMI M \l.LOY 


Thr mwriMitructure of alnmuiiuni alloyH, such as II. H. alloys, is 
rt'vealed by first fiohshing tlu' section with various grades of emery 
dowui to No. (H), follow'cd ))y butting on a linen pad lubricated with 
polishing soap, after which it is cleaned with benzine ready for etching. 
The etching solution consists of 3 parts glycerine, 2 parts hydrofluoric 
acid, and I part nitrii* acid This is apfilied to the siirfiiee with cotton 
W'ool, washed off after two niinutes and renew enl The bla(‘k deposit 
formed can be nunoved '^\ith cotton waMil. The sjiecinien is dried by 
waishing with alcohol or boiling water 

Typical macrographs of sand-ca.st 1^ It 03 alloy and stamped 
R.R. 59 alloy pistons an" given in Figs, 91 and 92 inspect ively. 

Steel Wire 

Wire is made by the n*peated process of drawing a rod of the 
material through a series of hard stwl or tungsten carbide lined steel 

♦ For fuller part inilars, hw The Microscopic Analysis of Metals, b}* Osmond 
and 
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dies; for example, a sU>el rod of }in. tiiainefer (or alxMit 3 S.WMi,) 
can be drawn throu^di tTingsten hUhA dicn that it is rtHiiiti'd by about 
one gtaxige (S.W.lf.) numlHT at eaeh <ira\\. until its fmal iliatneter is 
altout t)*040in. (or 19 S.\V.(».). 

During the |)r(M'(^ss of drawing the niatenai iH'cornes progn»ssiveIv 
harder and less du<‘tii(\ For (‘xampie. the tensiU^ strength of a e<*rtain 
steel w'ire of 0 l2f’in (alxuit lOS WtJ ) was fouial to Ih‘ SS tons jht 
sq. in. with 2 jier rent ♦•xomimoij, whilst that of tlie material 

wire of 0*()4t) in. (19 S\V(I ) was 125 ttaus jkt m\ in. with only 
0*3 per cent extensnai. 

The torsional streiujjths of the two wires were sueh tlial the thicker 
wire retpiired 13*3 t»>mj)hi(‘ twists t<» hn‘ak it. lor a length of 5 in , 
whilst the thinner wire re(jiiired 35“h tvusts in tla* saiiu* length. 

Fig. 93 shows how the tiaisih* strength (d st<Hi airenift 

wire varies with tla* amount of drawint: that is with thi‘ gauge or 
diameter of w in*. 

The sjiine diagram also show s tin* ninnlKT of eoinpkde twists 
required to break wires of difTermit diaim^ters, .ind tlu' nunilKT of 
bends throuirh angles of which tin* wires will withstand IwTore 
fraeturing. 

Microscopical fjraninaition of tlie internal sinieture of ilrawn st^nd 
wire has shown that it is d(*sirahk* to obtain both pearlite and sorbite, 
and that the more* sorhiti^ ])n‘s(‘nt the toughiT and stronger will l>e 
the win', in attempting to obtain the niavimuin of sorbite there is, 
however, a risk of (ditaining martensitr and t roost il(‘, whieh ti'iid to 
cause the wire to fracture during th<' drawing process. 

Too rapid chilling after le<i\ing the pait nting furna<(* will jiromote 
the formation of sorhiti' and inartiaisit^* . another cause of tla* jiresence 
of the latU'r coiLstituents is that due to the frictional heat, during 
service or drawing, v\hich causes the surface lasers to Ik* momentarily 
heated to redness, usually followed In a chilling effect, which k'aven 
the surface layers in thi* luarteusitic condition and causes the wire 
to break when bent , the farlure of win* rop(‘s is often dm* to this cauHC. 

Another sounx' of failurt' is that due to the use (d badly designed 
pulleys, in w'hi<'h the surface of flu* crown wiri's spreads (uit, with the 
result that the surface layers become brittle and fraet un* . tliis fraeture 
travels progressively through the other wire's. 

Piano or Miisic Wire, Tliis is usually made from a mf'dium* carbon 
steel in sizes varying from about Id S W(5 {9-0h4 in i up to about 
2SS.W.G. (OOHHin.). 

The following is a typical percentage analysis of tiie sttni used: 
C, 0-60; Mn, 0*43; Si, 0 09 ; S, 0*02; P, <H)2.‘ 
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DIAMETER OF WIRE INCHES 
Fio 93 Results of Tests upon Plough Steel Wire 
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The tensile strength of this viire varies from UK) to I6(> tons per 
sq. in. for the above-mentioned sizes. 

Wire made from a eriieible cast st<‘4! of high quality usually goes 
by the name of plough stal nin*. this which is made in all 

gauges from alKuit lOS.W.ti. (0 12Sin.) up to 2SS.\V.<i. 
is used for flexible aiul stranded uin* rabl<‘s, and similar purjxises. 

The following is a typical |H'r<‘<M»tatre analysis of plough stia** win*: 

Mn. Si. 014. P, nil . S. (HtT t'n. 

The tensile strength of this uin* vanes from about to ItiO nuis 
jK'r sq. in. 

It is usually made in different (pialities. i>r irrades. according U» 
the ]>urjM>se for which it is r(M|uinMl 

The following tabh* shows a typical nu'thod of grading jdough 
steel wire — 

TAIU.K :I7 

(iK\i>Ks Of' Ih.on f! STni:u VViki-; 


< iru(l<* 

St rciigt )i 

.\\cragr lOloiigat toil 

|M‘r st|, in 

j>i r ri*nt 

.\ . 

1 to to lOO 

1 » 

H . 

130 to 

U<» 

1-2 

(' 

I 20 t.i 

1.30 

2 0 

1) . 

1 10 to 

120 

2 H 

K 

100 to 

110 


V . 

(to to 

100 

tt 

(i 

SO to 90 



The grades most use<l in aircraft work arc I) and K. It is usual to 
galvanize or el(‘ctro-p!ate these wires witli nickel. 'Pahk* .*1H gives the 
strength and w(*ight of [flough steel wires, as used in various ty[)e8 
of aircraft. Th(‘ stnuigths an' given f<»r (a) a constant tensile strength 
of KKMons |H»r sq. in., and (h) 1<‘nsile strengths varying from flO t<ons 
}H‘r sq. in. for 4 S.W.d. wire up to 140 tons jwr sij. in. for 30 S.VV.f*. 
wire; the latter value's are- ap])n)ximat<‘Iy tfiose obtained in wire 
drawing. 

Fhie Wirf’M. Wires of small diameter of carbon or alloy stcH*! of 
from 0 040 in. down to 0'002 in. diamct<‘r arc made by drawing through 
Ismrt diamond or sintered carbide dies, whilst copjKT wires are usually 
drawn through chilled cast-iron dies in steps of about I S.W.(». at a 
time. 

Allog Sted WinJi. Alloy steels can Ik* us<*d for w ire-rirawing, but 
are not employed to any great extent, as tla* same results can usually 
l>e obtained with carbon steel wires. 



m 


ENGINEERING MATERIALS 


TABLE 3S 

Sizes. Weights, and Strengths of Plough Steel Wire 




W ( 1 . 

1 m-ln'h 

nun. 

S<*(*t KUjal 
Arcrt 

S((. ill. 

7 0 

U.'iOO 

12-7 

' 

O'looa 

ti 0 

0t«4 

1 1 8 

O-IOOi 

fi/O 

0'r>:i2 

11-0 

0-1400 

4 0 

U'4(M» 

10 2 

0-12.77 

:«/0 

u ;i72 

IM 

(M0H7 

2 0 

0 :ms 

8-8 

(M 01.71 1 

0 

0 :ti>t 

8-2 

0-082 4 i 

1 

0 ;{(M> 

7-r» 

0 0707 

2 

o-27ti 

7-0 

0-0.70S 

a 

0>2:)2 

0 4 

0-040<1 1 

1 

0 2:12 

n-tl 

0 0 42.7 : 

r» 

0212 

r»- 4 

0-0.7.7;j I 

« 1 

O' 102 

4 

0 0200 ! 

7 ; 

0-170 

4-.7 

o-o24;{ 1 

H 

0-1 00 

4 1 

0 0201 ' 

0 

0114 

:i 7 

0-0 loa ' 

10 

0I2K 

n-:t 

0-0120 ' 

12 

0-104 

2-0 

0 00S.7 * 

It 

O-OSO 

2-0 

, 0 00.70 I 

Mi 

0-004 

1-0 

, 0 00.72 1 

IH 

004K 1 

1-2 

OOOIH 1 

20 

0 u:oi 1 

0-0 i 

1 0 ooto 

22 

0-028 1 

0 7 

0-00001.7 

24 

1 0-022 ! 

1 O-.'iO 

0-000780 

20 

O-OIS 

0 40 

0 0002.70 

2« 

0 0148 

i 0:17 

0 000172 i 

:io 

01H2I 

i o:ii 

' 0 000121 

1 1 


Weight in ! 

j Hroakiiig Loud in 

Pounds 

j Founds 




At 100 

At 


100 

j 1 

Tons 

'Foils 

U). 

Yards 

1 Mile 

per 

per 


_J 

sq. in. 

sq. m. 


mi:m 

,7404 

47,117,7 




MUi-.7 ! 

211.70 

,77,8.74 

- 


144-4 

2.741 

.72,820 



127 8 

21711 

28,144 



107-1 

188,7 

24,750 


- 

117-7 

10411 

21,300 



81-2 

14211 

18,404 



011 0 

1 22.7 

1.7,830 



58-11 

1077 

1.7.400 

- 


411 1 

8154 

11,170 



41-0 

772 

11.470 

(iO 

5080 

7 4-H 

012 

7,1100 

05 

.7140 

28 -.7 

1 .702 

0,4110 j 

70 

4. >»>1 1 

24 0 

422 

.7.4.70 

75 

4180 

111 S 

7 48 

4.. 700 

SO 

3000 

Mi-0 

282 

3.0.70 

8.7 

,7100 

12-7 

22.7 

1 2, 8 SO 

110 

1 2.7110 

8 4 

148 

1,1100 

95 

1 1800 

o-O 

88 

1 1.1.70 ! 

100 

11,70 

7-2 1 

1 .70 

720 

1 10.7 

7.70 

I-s 1 

1 72 i 

400 

JIO 

44() 

1 0 

18 

228 

1 1 .7 

202 

0 010 

10-7 

1.78 

120 

M>(i 

0-77.7 

(i-O 

8.7-5 

125 

107 

0-2.70 

4-4 

.77-0 

130 

74 

0 108 

7-0 

.78 r» 

1,75 

,72 

<»-llll 1 

2-1 

27-2 

1 40 

38 


Non-forrodiblo sttH'l wire rontaininn from 25 to 30 ]K'r cent of 
ni(‘kel, anil from 0*30 to 0*45 {>er cent oi carbon, is used for hawsers, 
cables, and nettiiic for sea-uater use. The tensile strength of 12 S.W.G. 
(about iV in.) nickel-steel wire is al)out 00 tons ]ht sq. in., with 
an elonpition of (» |ht cent in 2 in., and an area contraction of 
JO |K'r <‘ent. 

Stainless steel wire is available commercially in sizes from 0*(K)2 
to 0-500 in. diameter in various qualities, e.g. hard drawn, mild drawn, 
and soft descaled, in plain or |K>lished condition. 

The steel can lx* sup])lied in coils for the smaller sizes and in nnla 
of 14 to li> ft. for the larger diameters. 
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OUier Types o! Steel Wire 

A largf' quantity of st<H*l win* is now used for u^ldhuj in 

the form of straight lengths or <*oils. In addition alloy st 4 *el wires are 
made for welding alloy stwls su<*h as manganese, niekel. and niek<d- 
chroiue ones. Swedish iron win*s an* also made for weldiinr. 

3f?W steef rirff wire ami w in* for eold heading is anotiier grade w hieh 
is made in sizes from loS.VV.ti. to 0-5 in. in () ()S too l 2 |K'r rent earhon 
stwl. Alloy steel win\s for rivet -making }air|K»ses an* also availahli*. 

Ball beanng fiUtI win is usually of the (Ml to 0*4 rent vubon 
and 1*0 |HT cent ehroiniiiin grade*. It is usinI for making both haH and 
roller l)earings. 

Spring fiifel win\s in I (I |M‘r i*eni <arl)on and in alloy steels are 
widely employed for jH'trol engine valvi* springs and for nunu'rous 
other pur|>oses. Tlie wires an* usually grouiwl nr shot -hlastiMl before 
making inti* springs, to a\oid fatigue (Ta(‘k (dfects. 

Some other grades of steel win* are used for makin^., needles, lish- 
h(M)ks. knitting ne(*dles. gramofihone needli's, and for a variety of win* 
sha|K's, in low to high earhon grad(*s. 

ir/re gauze for si(‘\(‘s and screens anotlu*r instaiwi* of the use of 
stei'l wires. 

Steel Cables 

In all eases in which a Ingh tensile strengtli wire (c’omhinerl with 
a certain degr(*{* of ilf*xibility) is r(‘quired. it is ner'essary to employ 
ii«»t a single plough steel wire, hut a cable or ro|H* madi* up of a mimln'r 
of smaller wires of ])iough st<‘el Uvisled togi'lher, so as to form a spiral 
<*ireular rope. 

The eonstruetion and sizes of steel cables vary considerably 
ac‘eording to the purpose for which th(‘y are reijuiriMl, from the tine 
lit* wire single-strand !k>wd(‘n cable of in. diameter, witli a breaking 
load of about (i ewt.. up to the* inarim* liawsiT c‘ahle, consisting of a 
3-in. outside diameter rofie, eornposeii of ti strands each of 37 wires, 
with a bn*aking load of about 3tM) tons. Mahles of it in. diameter and 
alH)vc are maile for marine salvage work, and u]) to 3 ft. in diameter 
for suspension bridge's. 

Strength of CaJAffi. The strength of a st<*(*l eahli* is invariably less 
than the m*t strength of the individual wires ; the* e'fheiemey of a cable 
is expressed by the ratio of the* adual tei the net breaking strength of 
the total wirc*s, and varies from 70 to H5 jM*r eemt. 

The weight and stre‘ngth inerei^se* approximately as the* diameter 
of the cable, provided that the construct ie>n is the same ; nuire*/ exactly 
the weight and strength increase at a slightly highe*r rate. 
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TABLE 39 

SrRFNtrPHs or Wire C'^BLEb 
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In r**gani to cahliS'^ or witv rofK\^ usocl for gi'iUTal t^igimHTing 
j>ur}>oseH nine different kintls an^ s|«H'itied hy tlu‘ Britisli Standartla 
Institution and the* t<*n.sil(‘ >tri‘nL'th and (t)rsion tests for these art* 
laid down. 

Paitieular.^ ot typual u^<h 1 in the eoiintnietion of c‘ables are 

given in 'Fablt* 3l>. In <*onneetion with the \alues for torsion thew* 
are in a<‘eordiinee with th<* H^ti^ll Standanl S}H‘eitieations for UK) 
(iiaineters. Th<‘ tigures gi\(‘n in column A are for tia* original win* 
iw*fore it is niad(‘ into table, ami tluiM* in column U for wire uiist’aialed 
troin t he cable . t he torsional strtmgths are nnt urally lower in lh*‘ latter 
instances, unstrancltMl wir<‘ is r<Mpiirt‘(l to jH»ssf‘ss a strength not 

l<‘ss than the Itiwta* limit of its range and, if its diamet^a* exe4*<*dH 
t» <Kh) in., not in t‘.\eess ot tlH‘ u]i|M‘r hunt In more than otons jM'rsij in 

Aircraft Wires and Cables 

'Pile wires iiM'd bn* bracing pnrpost^. <>n aircraft i Imlc (1) high- 
terisile steel swaged rods, madt* t<i li S.S tt»r internal liraeing, 

and (2) liigli-tensili* stnainilim* wire. madt‘ to U.S.S oWd. for external 
bracing. In tlie easi of lieht ainralt lu'gb Itaisile st(‘el wire with ferruK* 
ends, tt) B.S.S. dVVI, is sonu'times use<l 

TIk- air ri‘sistane(‘ of strtMinline wire ol elliptual section is only 
about one-sixth that (d round wirt‘ of diametia* e(|ual to the* w'idtli t)f 
tht* smalliT axis of tb(‘ ellipse, tlu' timaiess ratio iKung about 5 : J. 
Ttu* streainlim* wire is made from round rod by swaging, rsnally the 
ratio of length to major diameter i.^ limited to l(Kt : I in order to 
redu<‘(* the ])ossil>ility of lailun* by fatigue. 

Tilt* sizes of st reainline wire \ary from No 4 B.A., witli a width of 
0192 in. and tliiekness ot OtMSin. and breaking loatl t»f 1050 lb., up 
to tlu* J-in. si/t* with a width of 01124 in. and thi(‘kn(‘ss of ()-2IU in. 
and breaking load of 24,7(M) lb. For .special purposes ]arg(*r sizes art* 
made uj) to J| in. with a width oi ld*2sin. and tliiekness of 0-482 in. 
and l>n*aking load of l05,0tHtib. 'Phese \alut‘> (-orn-sponti to tensile 
strengths of about bb tons jkt stp in. 

Aircraft eal)lt*s of tin* ixtra-jl* xHtlf ijffn used for the control system 
wliere 1hi*y may have to pa.ss over juilleys art* math* of seel ions of 
T strands of 4, 7, 19, or 57 wires each; the diameU‘rH of th(* wires 
range from 0-075 in. up to al)out 0-,505in.. witli hrt*aking strengths of 
♦'Mt> and 1 1 ,(KK) lb. rt‘syH*ctively : for the main eontrtil cables a minimum 
breaking strength of 19 ewi. is usually HjH*eifi<‘ti ('ahles for this 
pur|K)«t* are syK*eified in B.S.S. 5W2. 

Kite tfolloon cable usually has a soft core of liernp fibre and is 
specified in B.S.S. 3Wb. Slrainuuj ruble is syiecified in B.S.S. 3W2alHO. 
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Steel Tabing 

Steel tubing for erigineering purposes falls into three principal 
classes, namely, jh follows: (u) Weldless or Seamless', (6) Welded 
and (c) Open Seamed or Ccmduit. 

The tubing ol‘ class (a) is produced from a hollow billet by drawing 
or rolling It is of uniform structure and thickness. Class (6) is madt* 
by iKMiding or rolling strips of steel to a cir(*ular or any other section 
and welding the jurn tion. Clahs (c) is made in a manner similar to tht 
prece<ling, but is not welded , it is employed in cases where the tubes 
are light Iv loaded such «is for electri<* wire conduits and ornamental 
]>ur poses. 

Seamh‘ss tubing can bi‘ produced in both carbon and alloy ste(‘ls, 
and on ai count of the absence of joints is of uniform strength. 

Welde»l tubing possesses th(‘ advantage that a more uniform 
thickness can Ik‘ obtained, fre(‘ from drawing marks, and it is noi 
8ubjc‘cte(i to tlH‘ disadvantages which often occur in tlie ease of drawing 
and length rolling processes, it is usually only possible, however, to 
emjiloy welding st(‘(is such as low - and medium-carbon and low-nicke! 
atecK. Tht‘ process of manufacturing welded tubing is quicker and 
less e\|K*nsive than that of drawing or rolling, hut the strength of thi 
weld<‘d joint is rather an uncertain quantity; this class of tubing 
not generally empIov(‘d for aircraft work 

In the case of certain mild steels, the tubing is often first made In 
w'elding the rolled jilate with an electru arc which can travel aloni: 
at a uniform rat(‘, ami the w'clded tulx* is then drawn through die-^ 
in the ordiihirv manner, very satisfactory results are thus obtained 
and the method is a])[)licabJ(' to non-ferrous metals, such as brass 
but using a lirazing process instead of wtidmg. 

Steel tubing is made from carbon and also alloy steels, and tht‘ 
strength pro|H‘rties m geiuTul are similar to those of drawn or 
extruiled rods. 

Carbon sted inhe^ are made of mild steel with 010 to 0-25 per cent 
carbon and medium-carbon steel of 0*30 to 0*55 pi^r cent carbon. 

The tensile strength of mild steel tubing varies from about 28 to 32 
tons }K'r sq. in. as drawn, with yield jKiints of 25 to 28 tons persq. in. 
Medium-carbon stetd tubt\s give values for the yield point of 27 to 
30 tons per sq. in, and tensile strength of 33 to 37 tons per sq. in. 
respectively. The tensile strengths of the annealed material are about 
20 and 26 tons per sq. in., with jield |)oints of 11 and 16 tons per sq. 
in. respectively, for the mild and medium-carbon grades of steel. 

The tensile strength of tubes of the same billet material is greater 
for the smaller diameter tubings, owing to the greater hardening effect 
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due to rolling; the vamtum in strength )>eiwwn a 2-in. and a |-in 
tube may exceed 25 |ier wnt when reckoned ujkhi that of the larger 
tube. 

The results* of tension tests i»iveu in rahlo 41 reier to stwl tubing 
containing 0 Jo jkt lent oi carlw>n and 0 (>5 |ht tent of iniingaiH*8(\ It 
Rill b<' ol)S(^r\ed that the a\erage strengtii ami elongation are less for 
the thinner tubing, in gt'iieml when the tubing thickness is rc'diicxHl 
b(‘Iow aliout om^-lwent H't h ol the external ihaineter. the stn*nglh is 
rediued in propoitaai tc» the ihukness 
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It is now Uhiial to sjxsaly a mWo/w/ UM for mild steel tubing — 
namely, that the siieciinen to be tested, of length ec|ual to li^ timcH 
the outside diameter, should withstand emiwisc* (rushing until its 
length is decreased by from J to J of its original value, or until the outside 
diameter is increased in one zone by 25 jier eent; or until one complete 
fold is formed, without fe])htting or cracking 

* Uolvuabia University Tostmg I.Aboratory 



KNiJINEKRINti MATERIALS 


iH6 

tubing is usiialiy supplied in lengths up to J6ft. and, apart 
from anv sag^iri^ ofloctn diu* to weight, should be spt'cified to be straight 
to uithin I in (iOO. The difli(*ultieM of annealing and heat-treating long 
lengths of tubing whi(‘h in the ordinary way would necessitate sub- 
sequeiit reHtraightening liave In^en satisfactorily overcome by clamping 
the lube firmly in a v(Ttical |M)sition lK‘tween electric terminals. When 
a eurrent is f)asst‘d through the tube it is heated to the correct temper- 
at\ire for the inaterial. and the tube is then automatically released 
by th(* terminals, when it (Irops into a vertical cylinder containing the 
(pimx'hing !i(|uid. This method, \\hi(*h (‘an be a})plied to both carbon 
and }illoy steels, does not n<‘cessitate r(*straightening. The permissible 
variation in tli(‘ outside dianu'ter of seamless tubing is usually stipu- 
lated as lK‘irig ; 0(MK1 in. for tub(‘s under IJin. outside diameter, 
and i teOOoin. for thos(* over U in. 

The uall thickn(‘ss should not vary mon^ than 8 per cent or 
■— 3 |K*r cent . 

I'he nvsults of tests made upon .‘hj p(‘r cent nickel and 4 per cent 
ni<‘kel, with M |K‘r cent chromium, tubes show that thin-walled t iibesdo 
not (h'velop the ma\ittnim stn'iigth valii(‘s of the mat(‘rial when the wall 
tbiekness is k'ss than 5 per e(‘nt of the wall diam(‘t(T. Thin-walle<f*fubes, 
wln(‘h should from pun'Iy t li(‘orctical c(»nsi(leratio»is give the maximum 
strengtli for WiMght, in practice give much lower values owing to failure 
by local dclbrmatiofi or buckling and not as thick-walled struts, 
moreover, they are mon* liabh^ to W(‘akcning by corrosion effects on 
their inner .surfaces unless s[H‘cial pn‘cautions against these are observed 

’Flic results of sonu' t(‘sts made u|M)n .‘l.\ ]H‘r cent nickel steel of 
about 1*18 in outside diameter and in thicknesses ranging from 0*022 
to O*0tH)in., given in 'Fable 42, show how' the transverse bending, 
tensile and tonsional strengths increase with tlie wall tbiekness. 

Standard Tubing lor Automobile Purposes 

Four dittert'iit classt's of steel are sjH'cified for automobile tubing 
in the British Standard Sp(‘ciiieation No. oiKHt, namely, as follows: 
(I) li<»w -carbon stt'ef. (2) medium-carbon steel; (3) high-carbon 
ste(‘l ; and (4) high-carbon nickel sttH'I. 

The six'citications contain a numlKT of general (*lauses relating to 
the manulact un*, luait -treatment, general d(*tinitions, mechanical 
tests, provision of samples, preparation of test ])ieees, w’orkmanship, 
tinish, and margins of inanufiictun‘. The (‘om|K)sition limits and 
mechanical projH'rties are laid down. The mechanical tests include 
sjHseifuHl minimum values for the yield point and ultimate tensile 
strength, a flattening and crushing test in the ease of (1) and (2). 
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Thf tuJK‘s for t}»e in(‘( hiinical lents may, at the discretion of the 
FjiarHjfaetiircr. (ie]i\<*r(*(J either in the drawn or bJued condition 
it is further f)oirif<'d out tliut if blued tubes are annealed, brazed, or 
He}d<sl tluMr stnujeth values may be reduced at the parts where they 
are m) tn*tt1ed to ct‘rtain sfieeified minimum v^aliies, as shown in 
Tnhlr U. 

TAHLK 44 

Hkitish St\ni>\ki> TruiNt; for Attomobile Pekposes 
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77/< h sj)c<‘di<Mi is lellovvs 

(o) Fat Ijair and Mt dtaat-rarltan Sin Is. Samples of tlu* tubes to 
be llaltened at the ends or tit an\ point where defective materitil is 
miMpeeied bv a lew blows (not more th«in si\) until th(‘ sidt\s an* tliree 
times thi* (hiekness ol tie* met.il <iptirt. or two-thirds tht* oriinnal bore, 
whi<*he\'(*r is the smaller. with<Mit '^howin^z si^ns of eiMckin^. 

{h) Fitr /h(fh-('arhan and U ajh rathon Xa'liil S7ft/s. Samples of 
till* tulles to be tlatti'iK'd at thi* ends, or at an\ point when* defectiv’c 
mtiteri.il Is suspected, b\ a lew blows until the sides are eight tim<*s 
the thickness of the metal apart, or two-thirds th<* oritrinal bore, which- 
c\rr is the smaller, without showintr signs of cracking. 

77/1 crnshhnj ft sf for the two former steels speeilies that samples of 
the tulK‘s are to be crushed endwise until the outside diameter is 
im reased in one /one b\ 25 |H*r cent or until one comjilete fold is 
formed, without showing signs of cracking. The length ol the sample 
should Ih* about one anil a halftimes the outside diameter of the tula*. 

Other Alloy Steel Tubing 

It is now po.*>sible to obtain eommereial tubing of high tensile 
strengths for automobile and aireraft pur}>oses in a wide range of alloy 
steels and in the round and numerous other sections for sjiecific 
purjHKsi*s Thi'se steels include nickel, nickel-chromium, chromium, 
stainless, etc., of the weldless or solid-drawn ty|K*s to standard 
''|M*eitieations. 
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Th(* tost results upon souu tvpu^il sKm K })\ Messrs 

\ i(keis- Vrnistron^^ J^td .in* ^i\(‘u in T.ilili* I.) (p l<M>) 

Ft should Ih* noted in 1\ih!e 45 that th<* pi'runta^i eloiijxa* 
lions ^i\en h\ <i tuhulai tensde t<‘st piiii* dojM nd upon tin* ^au^e, 
i»n^th, and dianiotof oi th<* tuho t( steil and tlioiotore in.iy differ 
< onsiderablv from that ^i\en h\ a stand. ird 2 in In 0 .5<)4 m t<‘nsile 
test bar 

Notes on Steel Tubing 

The pro[KTties of steel tubing under alternating stiess conditions 
<an l)e investigated by means of a machine resembling the Wohler tvfK‘, 
''bilst for shock tests the falling ^^eiglit iinpad tv}M* of niai him* is 
<*on\enient 
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TABLE 45 

Tenmle Tests on Alloy Steel Tlbes 
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'riic n'sults of a sorii*'' of tests made upon ste('l tubing and tube 
sockets and liners mav Im‘ brietiy enumerated as follows — 

1. The effect of drilliim a small hol<‘ in a tube, which is alternateh 
.str<‘ss<*d nearly up to its (‘lastie limit, is to weaken the tube eonsider- 
al>ly ; the undrilhsl tub<* is stated to have from Id to 20 times tlie lif(‘ 
of the drilksl tub(‘. When* drilliuir is nee<*ssary, tfu* tulx* should b<* 
[>rofM*rly reinforced with a liner or sleeve. Hard lubinjj; is affected to a 
much m<»rt‘ marked (*\t<‘nt than .innealeii tubing. 

2. LuL^s intended for eonneeting pi(‘ees of tubing with bra(‘kets. 
fittings, or other members. wln‘ther of tla* sk'cve or liner type, should 
Ih* ta}H*red off towards tla* outlet, as sfiown in Fig. 90. Jf left ])arallel, 
th(‘re is a s(*rious weakenintr due to the abrupt change of section, 
together with want of resiliem*e at the so(‘ket portion. 

3. For beams of the cantilever t^|x^ ta]HTed tulK‘s are preferable 
to uniform ones, owing to tludr gn'ater n^silienet^ and lighter weight 
for th(‘ siinu* strength. Alternating tests made on a Wohler tyjH' of 
maehint*, at UK) r.]).m.. on 1 in. by 20 S.W.ti. {0 ()3t) in.) steel tubing, 
proved that when'as two parallel tubings broke at 20.585 and 30,390 
revolutions re.s|HMtivt‘ly. yet when ta|)f'red tutH*s, tajK'ring by Hn. 
|HT ft)ot, wen* (‘in]>loyed, of the same thickness, they broke at 23,557 
and 32.225 revolutions res|HM*tively, 

haieh of the tulx's was loaded with lll*5t) lb. at a distance of 12-75 
in. from the grips, whi(‘h was e(|uivaleut to a .slres.s of alxuit 25 tons 
|K*r .stj. in. 
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Taf)ering in thickness, as distinct from ta|MTinir in dwuneter. has 
bt‘en shown to be both economical ami Inmcticial. An instance of this 
is in the case of inotor-cv(‘le front -forks, which. \^hcn tnade from 19 
SAV.O, Cubing, invariably broke oft' wlu^rt' they \>crc brazed to the 
crown. Increasing the thickness to is and 1” SAV.IJ. rcs|K*crivcly 
failed to j>revent these breakages. When. ho\\(‘ver, tnU's tajHTing from 



iftS.W.lif. at th(‘ (Town to 22 S.W.tl. at tle^ l)otton) ends wctc (Mn|>loy(‘d, 
the trouble was comjilctely ovcn^ome ; the* iruT(‘as(*d r(*sili<Mn*o no 
doubt arcounted for this (*ftect. 

4. Tubular liiu'rs should prctcrably Iw .soft soldered in place, Tap- 
<*red sleeves are satisfactory, the out(T end thickness should Ik* less 
Ilian that of the tube itself. Sk*eves or liners which an* merely j)reMs<*d 
into f)osition are not satisfactory, sold(*rinL^ or brazing shoidd Ik* 
resorted to in every ease. Tests in4id(* njaai similar 1 in. by 2(1 S.W.(3. 
tubes — (a) drilled, but VNithont a sk*eve : (h) drilled, but with a sleeve 
pressed on: and (r) drilh*d, but with a similar sleeve* soldered on, the 
sleeves in each ease being 2J in. long by IS S.W.(3 , and plae(*d ov€T 
the holes — gav’c tlie folhiwing results- 

{(t) Plain Unllcd tube H,aS4 rev Iwfure fnn-ftin*. 

(/*) Pulled tulie, with |)rcs.sc<i slec\ c , ,, 

(r) PuIUmI tube, with soldered sleevi* 4S,(>S7 ,, 

5. Where sockets are employed, the tulx* slionld Ik* (‘itlier brazed 
nr pinned and soldered. The result.s of tests njKin soldered joints show' 
that then*, should Ik* about (l(K)5in. elearanee lK*tw'een the tulK* and 
socket diameters, as a maximum value, and that smaller clearanees 
give as good results. The shearing stress of a good sol(i(*red joint may 
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ho \i\ko\\ jis about 2i tons ])or suT)erficial inch. With a solclcn 
sr>rkct joint it is f)oshihl(‘ to make the tensile strength of the joint c 
least equal to tha? of the tiif>t‘. 

t>. For tijhular meiiihers under stress soft soldering is recommend( ( 
in prefenuiee to hraziiiji or vveldiiig, as the temperatures of the proe(sv 
are lov\ (‘uough not to a fleet the hardness of the metal, especially in 
th<‘ eas(‘ of alloy and hard drawn steel tulx's. 

Hard soldering, or silver soldering, gives a stronger joint, and tin 
temperature of tin* ofieration is lower than h)r brazing, but much higher 
than for soft soldeTiuLL Grazing is iiot recommended for tubular strue- 
tures which luive to tak(' stresses, or for nu'dium thicknesses of tubes. 
It is, liowc'ver, applicable tf) tulK\s of appn'ciable wall -thickness which 
havr* to tak<‘ torsional stn‘ss(\s. 

7 Stainh'ss st(‘(‘l tubing i^ now emplov<‘(l for exhaust manifolds 
artd pijM-s of aircraft (‘UgiiuN, the joints l)eing welded. A typical 
evarnph' of an (*\haust manifold is the <*ircul}ir form used on radial 
air (‘ool(Ml aircraft engiiu's. FFxible staiidess st(‘(‘l tubing is another 
more rtM'ent iiuio\ation- commen-ial tubing of this type is used on 
(‘crtain American aircraft. 
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Whil’^t the c arbon .steels |)rc‘\ iousK (‘(»iisuifn‘»I all ecMitam small 
jKTeeiita^es of other elements. nam«‘l\ . maimant'sc'. sili,a)n. ])la»s|)h(>nis, 
and sulphur, the name “allo\ .stcvl ’ ^^t'nc‘rall\ apph<*d to steels 
containing, in addition, other elcuiuMits. such as nic'kc'l, rhmmitnn. 
vanadium, molybdenum, etc. Similarh , carbon stcc'Is with apprecdabh 
greater })ro])ortions of silicon comc' into the allo\ -.tec'l group under 
the heading of .Hihofft In the same* ua\. carhoti stc'cls (‘otttainiug 

grc'ater projK>rtions of m.ingan<‘so. up tc» ^ibont 1 1 pcT cent, art' included 
under the heading of wanqam sfttls 

The addition <»f c\(‘n .-rn^ill pcTcc nt,ig(‘.s cd <‘c*rtair 'icn ing elemc^nts, 
suc‘h as nic*kc‘l. c-hronmim. mol^bd^‘num. and \anadium. imparts 
im]>ortant mechanical and ]>hysi(al ]»ro]H‘rtM‘s to stca'ls oi givcm carbon 
contcml . the individual clh‘cts ot thc'.sc* c'lcmuaits upon thc‘ pro|MTtieN 
of the steels are considcnsl Kitc'r m this c hapt«‘r lhaon, cop]K*r. and 
l(*ad ar<‘ also used ior spc*cial alloy .stc‘<‘|s The principal alloying 
(‘iemcmt.s associates! \Ni1h the* spc'cial .stes'ls undiT (‘onsidc'iMt ion 
given in Table* 41), ,uid in this c'onn<‘<*tion onl\ a relalivclv .small ntindHT 
of elc'iuents adjacent to iron in the* iwriodic s\stc‘m possess the* propc*r<y 
of forming uscdul alloys \utJi iron, d’hc'sc* na'tals have* Ingh mc'lting- 
point.s and jiossc'ss a \er\ similar d(*gr(‘<‘ of cr\st.il s\mna*try nainc'ly, 
that of body-centreal or fac(‘-cc‘nlr<*d c-tibes 
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KNlilNEKRINiJ MATERIALS 


Tlie siinph'st alloy steel, known as a Ternary Sied, is composed of 
three elements — namely, iron, (‘arhon, and the allowing element; the 
latter may 1 k‘ nickel, chromium, tungsten, or manganese. 



Kk,. ‘J7 sTH yriN*. Tin. KukcTs oV V\UlOlS KLKMh>TS 

I PON THirPuoeru'iii.s or Ikon. (Aknoi.i>) 


When 1>\o alloying elements are present, in addition to iron and 
I’arbon, the steel is kno\\n as a Quaternary St4el. Included in this class 
are niekel-ehroinium, chrome-vanadium, and cobalt -chromium steels. 

St<H'ls containing thnn* or more alloying elements are known as 
tWip/cj* N/fc/.v. (vrtain of the high-sixH^d tool stands fall into this 
category, wliilst heat-resisting steels containing nit*kel, chromi\nn, 
tungsten, and silicon also include<l. 

In regard to the effects of special elements in ternary alloy steels, 
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it is ix)Ksib)e to trace a more or less definite relation l>et>m»n the 
percent-ajye of the special element and the j>erc<mta|je of carbon. 

In this respect, reference may Ik* made to the work of (hiillet. 
who showed that the effet‘t of incrcasinu either the jK'n'entairc of 
(‘arbon or that of tlie alJoyiniif element in a terrarv st 4 M*I to 
thr striirtun of the Med from a p*<tditie tt> a fhortenstti<\ anMetii(it\ 4 >r 
even raturititir natnn*. The greater the jHTcentagt* of (‘arlwm, the 
smaller the j>ro|>ortion of tl)e .s|H*cial element net‘de<l to produce a 
^dven change of stnictitre ami, converseK . the higher the {HTcenta^e 
of the s}K*cial clement, the lower tlu* fKTiH'Utap* of <*arlK)n recjUir^Hl. 

The r(*snjts of a seric's of le.st.s ujwm thirt(M‘n iron alloys, made by 
Professor Arnold,* are Ldven ^jrraphieall\ in Fi^. !t7. 

The ail(»ys in (pa'stion indudetl <‘ast and for^<*d pun* irt»n, ami also 
inm alloys containing, respectively as nearl\ as U jxT t‘<*nt 

carbon, silicon, alumininrn, man^am‘sc. nickel, cop|M*r, chromium, 
tungsten, arsenic, ])hosphorus, ami sulphur, d'hc inv<‘stigation itududed 
an important scru's of inechani(‘al .ind mii*ro.s<*opical tests upon the 
alloys iwodm^t'd. 'rin* t(‘sts do not show tin* eflecds of w id(‘ variations 
in the |M*rccntages of <‘ach clement, but m‘vcrtlu‘l<‘ss they afford a 
most int(*resting comparison of the results prodm‘<‘d by the same 
])erceptage of diff(*r('nt t*lements. 

The following rc'^ults show the (dfect of ciTtain elem(*tHs ujMm 
the mechanical pr<»perties of st(‘el of (t-30 |K‘r cent carbon <*ont4*nt in 
the non-heat -treated conditiem 

TAIILK 17 

FfKK<T of DiFFFKKNT KlKMKNTS ri’ON TUK PHorFHTIKS 
OF d-.Stt FKK <'KNT (\\HHON StF.KL 
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• “The Phy«i»‘Hl Influences of KhMiuails on Iron,*’ Arnold (/Vor. trou nwt 
Sttrl luHtitHtr, IHtUl. 



ENOINEKRINO MATERIALS 




Hv thes<" steels their mechanical properties can 

varied over a very wide ran^re as compared with plain carbon steels 

In ^j;(*ricral, as th(‘ jKTcenta^e of <‘arbonin alloy steels increases, so d(. 
tlic yield point and tensile strength increase and the elongation decreas( 

Tlie rnaxifninn jx Tee rP ages cd carbon, namely, 0-7 to 1-5, occui 
in hiirli'S|K*(*d tool steels 

Almost all of the mod(Tn alloy steels used for purposes othi‘i 
than tool steels eontair» below about b45 per cent of carbon. 

Effects o! Various Elements on Steel 

Having s<‘en th<* general effects of certain elements upon tlu‘ 
properties of st(‘el. the individual intiuenees of the more im])ortant 
elements will nf>w be considered in greater detail, commencing with 
niek<‘l. 

Nickel. Vh e etVci t of niek(‘l upr)n the constitution of steel has be(‘n 
dealt with from the !n(‘tallographieal side in (^hapter II, and it was 
there shown th<it at normal t(‘mperatur(‘s niek(‘l is in solid solution 
in th(‘ iron and that aft(‘r slow (‘o(»ling nickel steel may have pearlitie, 
marl(‘nsit ie, or austeniti<* struetur(\ according to its nickel and carbon 
conttmts. 

The uiMH'ral <'ff(‘cts of ni< k(d ma\ be summarized* as follows — 

'fhe* p(*arlitic nickel st(‘els ha\(‘ a low* critical range, respond readilv 
to heat -treatment , j'.nd re<lu(‘e th<‘ danger from stalling and warpiiur 
to a minimum. 

In the pearlitie rangt\ also, nick'd onwu.vos* th( tctn*<ilc sfn ngth and 
tfh/d poinl td stet‘1. In tht* anneal(*tl condition the average effect of 
nickel in amounts up to S ptT (‘cnt may be stated as follows- - 

Kach 1 |H‘r cent nicktd 

lncrt*as(\s the elastic limit by 1-S tt>ns ])er stp in. 

ln(‘r(*ast'-> tht‘ lensilt' strtmgth by l b tons per s({. in. 

Increases th<‘ r('du<*tion of area by 0*5 jwn* (‘cnt . 

I>ccrt‘as<*s tht' elong<\tion by I }ht cent. 

On the othtT hantk it is in th(‘ heat-treattal comiitions that the 
pre.sent'C of nickel in stetd shows its greatest value, the strength, yield 
|>oint, anti har<lnt‘ss Inung raisetl withtait a ctTresjiontling loss in 
iluctility as etunpared with a earbtm steel. 

That nickel alst) increa.ses the ttmghness of tht* steel is shown by 
the higher imjuiet values obtaiiual. 

Nit'kel tentls to retard the tjrain ijrowth in steel, resulting in a wide 
range of hwiting without damage tt> the steel, or it may be maintained 
above the critical rangt‘ ft>r long fH'rkxls (»f time without great damage. 

* Hurt>aii of Information on Xickcl. 
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Another effect, somewhat related, is the lendenev on hlo\^ cooling to 
maintain a fine-grain pc^arlite or sorbite instead of full lamellar |H'arlite. 

The Jiddition of ni(‘kel to annealed carlam steel apparently 
strengthens the ferrite, with the result that the vntiunnta raiio is 
raised. The full effect of nickel on the enduranc<* ratio, however, is 
obtained only by quen(*hing and temiKTing. 

The austeniti(‘ high-|HTc(‘ntagc (20 30) nickt'l stc(‘ls )H»ssess excellent 
corrosion -resisting ])ro]KTtics and also n'sistance to oxidation at high 
♦ emixTatures. They are practically non-magia'tic. Steels uitli diff-Tent 
coefficients of exj)ansion are produ(‘ed by \arying the i\ickcJ lontent. 

The pr(>]MTties of llie more important coTinnercial sltH'Is are 
lonsidered later in this (‘hapter. 

Chromium. This clement (wcnr-^ eithi r singly or in combination 
with other special (‘l(‘ments such as ni<*kt'I. molyb<h*Tnim. vanadium, 
('tc.. in commercial steels. The effi'et t)f <‘hromium upon the c<»nHtitu- 
tion of steel is considered in (’li.ipt(‘r U and may be summarised, 
brifdly, by stating tliat it dithrs from that of nickt*), sime it forms a 
doubl(‘ carbide, n'sulting in gn‘ater stnuigth and hardness in a heat-i 
treated steel. Hy the us(‘ of both these (‘lenient s in Kt(‘(*] a double | 
effect is obtaiiual because flic nickel stniigtlums th(‘ hrriti* matri.xj 
and tbe chromium stnuigthens the carbid(‘ constituent, giving bidter 
physical jiropertics than wIhmi (‘itlur element is uscal by itself. 

In carlxm ste(‘l, chromium rais<‘s nmre or Ic.ss uniformly both th<‘ 
Ac. I and tiu* Ac. 3 points In nick<*l sl(*el. hou<‘ver. tiu* effect is 
somewhat diffenuit . Tin* .Vc I point is (juit(‘ uniformly raistal but, 
according to availabN* data, tin* Ac. 3 point, when tin* carbon is 
Iadova (l-3tt p<u* c<‘nt, seems to be actually lower than in a st(H‘l of 
(*(|uivalent nickel cont<Mit, while, with higher carbon, the Ac. 3 fioint 
is higlur than in an e(piivalent ni<‘kel steel. 

The pr(‘sence of both nickel and chromium (uisures <‘onHi<lerable 
hardening wdth a rati* of cisding through the critical range slow'er 
than that jHnnissibk* in the case of ste<*ls with a similar content of 
<*ither element. This makes the nickel-chromium steels eH]K*cially 
suited for large sf*ctions ref|uiring heat-treatment, giving them deep 
and uniform hardening power. 

The low (‘hromium content ste(*ls, nanu'ly, from 0*5 to 2*5 jK»r c<*nt 
chromium and low carbon (*ontent, arc* hardier tlian the filain carlxin 
steels of similar carbon cont4*nt. 

When chromium is present in carbon steels (015 to t)'4tl ]K‘r (ent C) ^ 
in higher projKirtions, namely, 12 to 20 jkt cent, an important series ‘ 
of siffh n^sults; som«* of thes(* ajiccial stands, however, » 

contain other elements, including niekel and molylKienum. 
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Silicon. WIm‘ii prow'ut in (‘<*rtain ])ro|K)rti()nK this element increases 
the strength and hardness of the st^el, but reduces its ductility. 
A Kte(d uith 0-35 ]ht cent carbon and 1*0 to 1*5 per cent silicon 
is prac tically free' from large ferrite crystals and will be much stronger 
than the sanu' carbon Ht(‘el without silicon. For structural steels 
the silicon content usually lies Indween 0-9 and 1-5 per cent, and the 
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resulting stec'l has practically the same htnuigt h and cliictility as low- 
nic'kel st(‘el : it is clicajK'r to manufacture than the latter steel and is 
therc'fore widely list'd lor .structures such as bridtres. 

Iliijh-sihi'ou sfnls (la to 'J o per cent Si) with (tdJ to 9-9 ])er cont 
of manganese and medium carbon content (9-4 to 9-5 |K‘r cent) are 
e\t«*nsively cMn})loy(Ml for automobile', railroad, and general engineering 
purpose' springs, since* they combine* -in the heat-treated condition — 
high tensile* stremgth wilh hiiili impact value and good duetility. 
Silieem is also employed in combinatiem with other elements, such as 
clyominm (known as Mihro-rhrcmH .ste*el) and vanadium for high 
stnmgth spring materials. 

When abeiut 2 tt to 4*9 jH*r cent e»f sili(*oii is added to iron or 
low'-earbon ste'e*! the resulting metal {.H>ssevsst\s inijM^rtant electrical 
pre»|H‘rties, namely, a high }H'r!ne*ability , l<n\ hysten*sis and eddy eurnuit 
lossc's, Ixdng su|>e'rie>r to pure iron. The silicon pn^cipitates the earlxjn 
freun si»lul solution and itself enters the steel in solid solution, possibly 
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as a FeSi compound. In this way tlu* nirluMi in sohition. has 

the effect of reducing the ]KU ineability, is repiaiH‘d i>y siliion ctvmjHunui 
having just the opposite tendeiuw 

The silicon steels, which owe their devclopnuMil to Sir Hidn'rt 
Hadfield,* art‘ much used for electrical stampings for tiu* coivs of 
transformers, for instrument diaphragms aiul otiicr |mrts retpiiring 



Kk. ‘la. uAi M»u Mwt.wrsi Sii.i.i.s. (Cii n i c'l j 

t‘\ct*llent magnetic |K*rmcal)ility and low hysteresis pro)H*rties. A 
typical steel (»f this class is that known as “StalloN," containing from 
3 to 4 fKT cent silicon. 

Ste<*Is containing 14 t<» 15 per c(‘nt ol silicon combine high rcsislant'C' 
to corrosion by commercial acids with uood m(‘c}ianical ]»ro|KTtii‘s 
which enable them to 1m‘ used for v(»ss(*1h, pijx'h, and other parts 
used in the handling of acids and other ehemieals. Alloys containing 
about 20 y)er (‘ent of silicon are cvim mon* resistant to corrosion, but 
are rather brittle and can Ik* used only in the f(*rm r»f castings. 

BKanganese. Alth^mgh pn‘.sent in limited ])roportions in f)rai tically 
all (‘arlxm and alloy steels, maiigarH*.se, if used in higher proportions, 
imj)artH K|)ecial pro|)erties to steels <»f certain carlnm content and 
}>roduc(\s the medium -mumjamHe steels and, in even higher projK)rtionH, 
the high-mangari/ise steels which ikwhcss marked haniness and wear- 
resisting proy>ertie8. 

* “The Development of Alloy Sir H. limltield, F.lt.S. {Hrjtort of 

Ktnpirr Mining and Metallurgical ('ongrcHH^ (', June, 1^24). 
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When nian^'aneH(* is added to iron it lowers the melting-point 
prognvHsively with in(T(*asiiig proiK)rtion of manganese from 1535*^ C. 
(pure irofi) doun to 12t)() ' (\ (pure manganese). Besides increasing the 
fusibility of steels it also lowtTs the critical temj)eratures or inversion 
{>oinls. l?j comparison with nickel only one-half the amount of man- 
ganes<* is recjuin^d to })roduce a given (lej)ression of the critical temper- 
ature, thus about 14 |M‘r ct^nt of manganesi* as compared with about 
2lt JHT cent of nickel is fH‘eded to preserve iron in the gamma condition. 
The transformation to mart(‘nsite can be obtained with 0 to 7 per cent 
of mangan(‘se as compared with 13 to 14 per cent of nickel. 

In the case of mangan(‘he ste(‘ls* containing from 1 1 to 14 per cent, 
these are practically non -magnetic, and when quenched from high 
tein|K'ratur(*s, namely. 950 (\ to 1 HMI hav^e purely aust-enitic 
structures, th(‘ carbon b(*ing in solid solution. An important feature 
of tta‘st‘ .Hte*‘ls is that the* rat(‘ of heating and rate of cooling, as well 
as the maximum temjKTature Ixdbn' cooling, may all be varied within 
wi(h‘ limits without the app(‘arane(* of cnti<al ]>oints or other changi‘s 
in the geiuTal sha]M‘s of the heating and ('ooling curves. Quenching 
and ann(*uling such steels prcxluce effects opposite to those oldained 
in most oth<‘r carbon and alloy ste(*ls. 

'flu' me(liu!u-manganes(‘ steels (up to about I S ])er cent Mn) are 
strongcT than carbon .st(‘els of similar c<irbon content, but th(‘ full 
strength pnqMM'lh's an* only devi‘lo)K*d by heat-treat ment of moderatel\ 
light sections. 

Steels of this elas.s having a low carbon content art* used for ea^e- 
hardening puipoM‘s, as they give a tought‘r core tlian plain carbon 
steels. With a carbon t'ontc'ut of d-3tt to t)-tH) per cent a wide rangt* of 
<*ngineering steels is produced, Tht'se include the 0*30 ]K‘r cent carbon 
steels tunployt'd for machine steel ])arts which retpiirt* appropriate 
heat -tr(*at ment in ordt‘r to develop their full strength anti hardness 
pro|H*rti<*s : and the 0*5tt to tetitt jH*r c(*nt carbon steels (*mployed for 
oil-hardened gears, shafts, grintlinvi balls, etc. 

Vanadium. Thisclem<‘nt has a melting-point of 1720 (\ and oxidiz(*s 
slowly in air and more* rapully when heatetl. It is therefore a powerful 
deoxidizer wlu'n added to molten steel, but if more than alKiut 0*25 
JHT cent vamulium is left in the latter it tends to become brittle: it 
tends to inhibit the grain growth of steel above about 730 (\ 

A |X)rtion of the vanadium apiHnirsf to go into solid solution under 
normal conditions in the ferrite ]H)rtion of the at<‘el — the ferrite of 

* Dwoovemi by Sir Kobort HniltieUt in 1SH2. 

I '‘Influence ef Vtiiiiulmni «>n SUh*1«i," A. MeWilham and K. T. Barnes 
(Jiittrn, /nm and Sit'd hist., llMI). 
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vanadium steel is nmeli more resistant ti) wear .n»d to tli<‘ format ii>n 
of slip hands than ordinary ferrite. Also, as it tends to o|)p<'se tlh* ready 
passage of earhides through the metal, its efieet is to prt>duee a steel 
of marked sorhitie strueture. Furtlier. the .stnumtheniiej seems \o Im* 
due to the formation of eom])le\ earhide^. sus<‘(‘plil>!t‘ to 

improv(*ment by temj>t*ring. 

It is iK'lieved that only a few huiulrc‘dths of 1 pa* <‘rnt of the 
vanadium eombines .with the ferrite, hut tliis \er\ small amiumt 
apjx^ars to iiuTease the stnaigth, tou^hn<‘ss. and hardia‘ss n} the 
territe. Xt‘arly all th(‘ vamulium. howtwiT. is found m tlu‘ |H“»rlitt‘. in 
eliemieal combination with the cement ite. as a compound carbi(h‘ of 
vanadium and iron in tin* t‘as«M»f ttTuarx stet'K. m,<} as tiion* eompl<*\ 
<‘arbides in the case of <}uaternar\ stta'Is. 

The effect of \ana<lium on the physical or mccluinical propTtii^s 
of steel iiUTeases with thi‘ jH‘rei‘ntaL^<‘ of \anadium up lo aboni I j>er 
ctmt, after w'hiih there is a decrt'asi*. With ovt'r .*1 per •< »t ol xanadium 
steel is actually soft<‘n(‘d. (‘ven after (paau hing. 

An im)>ortant use oi \itnadium is in combination will! chromium 
to form th<‘ well-known chrome-vanadium ^stct'ls oi' industry, the 
resulting st<*els when suitably h(*at -treated are (‘\tr(Mnel\ tough ami 
strong The low -carbon steels an‘ mnploseil for < ase-haniening pur- 
pos(\s and the miaiinm-carbon one^ for oil-hardening a\l<\s. uyars. 
eranksliafts and similarly highly stn*ssed part.-> lor aiitomohili^, aircraft , 
and g(*neral mechanical engiiUMTing purposi‘.‘> 

( 'hrome-vanadium stiads oi about I t) per cent (V .ind (Mo per 
cent are used for automobile .springs, both flat and <-oiled. 

Vanadium is also us(*d to proiluce a high degna* oi haniness in high- 
'')H*ed tool .steel, armour-piercing jiroject iles, magnets, gmeshiidds, 
torjK'do tubes, rock-drills, etc 

Vanadium st(‘<d ea.stings are noted for their high ela.sti«* properties. 
stn*ngth, and toughness and are employed for such fmrposcs as draw- 
bars, cross-heads and frame ])arts of locomotives. 

Vanadium st<»(‘l eastings havt* good impact strcuigtli (piaiitM‘s and 
n‘sp>nd readily to simple luait-treatment . The plain Vfirhim-rauadium 
and tlie chromf -m/uidintn steels are w idely used for such cast ings. \irh /- 
ntnadium steel (‘a.stings containing about 1*5 [mt e(‘nt nickid and from 
0*2 to 0-3 |HT cent carbon ha\(* excellent strength and diuMility pro- 
|H*rties. 'I'hus, the t-misile stnuigths range from 37 to 44 tons jK*r sip in., 
with 29 to 27 |kt cent elongation on 2 in. and 59 to 54 |H»r c(*nt reduc- 
tion of area. The lz(xl iinpai't values li(‘ Ixdween (M) and 48 ft. -lb. 

Nickel-vanadium steel eastings are now tinding favour in railway 
f^rviee, steel-making jdant, and other indu.strial iMpiipment where 
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to near and toar, reHistaiKM* to shook, and breakdown throujili 
vibration have to be giiarde<l against. 

'rh(‘ manganese- vanadium type of steel easting also shows great 
promis<‘. i^mrlitie mangam^se steel eastings within the past few years 
iiave attained considerable industrial prf)minenee, but their application 
is appanaitly possible only within limits. 

A well-known varbon-rnnadium sieel used for eastings contains (\ 
O-.Vi; Mn, t) Pt), Si, l)4t). and V, O lH (|XTeentages). ft has a yield 
point of 22 o tons jmt sq. in. anrl tensile strength of 3S tons j)er sq, in., 
with 22 jK*r e(‘nt elongation on 2 in. and 45 |kt cent reduHion of area. 
By <loiibl<‘ normalizing and temfKTing treatment the yield point and 
tensile strength can lie iner(‘ased to 25 and 41 tons ])er sq. in. res|)ei*- 
tively, with 25 p<‘r cent <‘longation, 47 jkt cent reduction in area, and 
IzimI inqiaet value of 31 ft. -lb. 

In most of th<‘ vanadium stc‘eh mentioned the vanadium content 
seldom exceeds 0-25 per c'mt. In ehrome-v^anadium steels the propor- 
tion of chromium is from 4 to t) times that of the vanadium. 

Molybdenum. This (deuKuit e.vu’cises an important inlliK'net* in 
improving tin* mechanical profMTties of ste(‘l both at normal and 
elevated tmnperatures. in addition it reduces appreciably the tendency 
of the steel to “temper britt len(‘ss " and tlius tends to remove man\ 
difticulties associat(‘d with the fabri(‘ation of tenqier brittle steels -a 
projMTty oft<'n associated with alloy st(‘els. It also permits the use of 
higliiT temjHTing tem|K‘rat ures aftiT quenching, viz. 1(H) to 200 (' 
higher than for similar composition steels without molybdenum. 

Molybdenum also reduc(‘s the ettV*ct of mass. It acts by promoting 
tiepth hardfuiing, and ev(*n in small jHTcentages— as low as 0-1 |K'r 
<ent it diminishes th<‘ mass eftect : up to about O-O jrt cent it gives 
practically uniform d<’pth lianhuiing on masses up to Sin. <liameter. 
d’ests made at Woolwich Arsenal tm heavy hollow forgings of nickel 
steel and nickel-chromium-molybdenufn steel showed* that the latter 
stiH'l of a section of 4J in. varied only by ti Brinell numbers from inner 
to outer surface and li siMtion of llj in. by only 10 Brinell numliers. 
For the altiTiiative nickel steel the corrt^sjMuiding variations were 
15 Brinell numlH'rs fi»r a section of 31 in. and 51 for one of 71 in. 

It was concluded that (1) the ])ro}HTty of reducing mas.s effect 
renders th(‘ ust' of molylHlenum more justifiable in the case of nickel- 
chromium steels than in most other alloy steels, (2) direct use <'an be 
made t>f the n»sults of treatment on a small scale in order to forecast 
pro|K'rties of large forgings afUT heat-trt*atment . 

• “ Infiuem't* on Mediuin-«»arlKHi Stools oontaining Xickel and 

Chromniiu,” Ho»oaroh l>oj>t., \VtM>lwioh R.l>. Roport No. (67. 
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When inolyMenuin is added to steel in projH>rtions up tn almut 
1 per iH'nt, it dws not exert any det)xulizing inthieinv, but its vahu‘ 
deptuids on the nioUlKlenuni beiiij; retained in the ste<*l as an alloy. 
The inolybdenuin dissolves in the lernte and combines uith the 
carbon in the steel, fonninji: rtne-^rained strong (‘arbidt^s whii'h aie 
retained in the solid solution in ^‘oolin^r through the critical rar»^*s. 
Heat-treated molybdenum steels are (‘haracteriz<‘d by tlu'ir very tine 
^rain structure. When addcci to strai^dit carlam ste<‘ls. in«»lybdenum 
improves their physical (jualitH's, but its most inarktal intliKUice 
is exjKTienced when it is used in combination with one or inon* of the 
other alloyinjr eleimmts, e.g. nickel, chnmiium, \anadmm, etc. The 
intense' activity of molylMlenum a.^ an alloyinir voMslitumt of steel is 
shown by the fact that the maximum ipiantity added to st<cl. other 
than hi^h-sis'cd fool stei'l, i.s I |H‘r »*eni for nicwt purpost's, howt'vt'r. 
one-half of this (piantity is usuallx sufficient. 

The general manner in which Ihc jiddilion of n 'lyl>dchum 
to (hSI per cent) improves the mc<‘hanicaj pro|H*rti(‘s of f>(ain carbon 
and alloy steels is sliown in ItHf* in which the jiroperties of the 
steels of th(‘ staff'd compositions abov<‘, without molybdenum, are 
shown on the k‘ft-haiid side, wliiist those' ot'the sam«‘ stei'l. but with 
the slated addition of molybdenum, are sliown on flie* ri^lit-hand sidi'. 
The results show the invariable' irieavase in the* yie'ld jsiiiit and temsile* 
stremgth eiiie* tei the* pre*s(*iice‘ eil ineilybele'imm. The' sfe'cls in epa*stion 
we*re he*at-trcate‘d anel temjH're'd tei ^ive‘ the* be'st re'sults in e*aeh ease'. 

Since the niekel-chromium-inolybelemim ste*e*I is eif s|>e-eial im|K)rt.- 
ane'c in its en^iiu*e*rin^ a))])lieatie»iis, it is of inte n'st tei e'ompare tlie 
|)ro}x.Tties of two similar stee'Is, one* with, and tln' oflieT withemt, 
molybdeuinin. The following are the peTce'iita^^e* compositions of twe> 
typical ,ste*eJs — 
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The nickel-chremiium steel was oil-hareleni'ei at iMK) (* anei 
temj)ered at 6(K) (\ by cpienehiii^ in water. 

* “Mulytsl«»nuiii in Steel anti Iron," Publieatieni nf Sf>ee<t St<*el Alloya 

Ltd., Widnea. 
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Tht^ liickd-fhroiniiiin-molylKienuiu steol wasoiMianltMunl at t*tHt i\ 
and tompeK'd at (>50 C\ by cDoling in tho funuuv 

The results of tensile tests made on sjH'einiens oft^otU in. diaini‘ler 
made from 1-in. diameter bars art' shown in Fig. Ibl . the following 
values give the full results of these tests in tabular form 
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Ifj g(‘ueral it ha^ Immmi fouml that the elfeet of mol\ b(i(‘num as an 
alloy in stet*! (1) at e(jual duetility iriv(‘s an increase in lln‘ elastic 
limit. \it‘ld point, tensile* strength, and impact \ aha*, and (2) at (‘(pial 
ela^^ti/ limit gives an inereas<‘ in duetility and a marked inen*as(‘ in 
im})aet value. 

There is a fairly widt* range of molylMlemim st<*el.-, (‘aeh ty|K* 
having its own special appln ations. The imue imjiortant ste(‘ls ineliidi* 
carbon-molybdenum, eopfier-molybdmmm. chromium -molybdenum, 
mangaiie.se-molybdenum, nn kid-molybdcmum. and nick(*l-ehromiuin- 
inolybdenum. R<*ferenee is made to s(>me ofthe.se st<‘elh lat<*r in this 
cha])ter. 

Tungsten. This element is u.se<l in (‘crtain elas.sc ot tool, vmIvc, and 
magnet steel. Its inclusion in tin* composition of allo\ tfiol ste(‘ls of 
the high-sjK*ed tyjx* in w'hi<h the hardness is retained at elevated 
cutting temt>eratures is <lue to its effect in lowering the transformation 
teiii[H*rature sufficiently for the .steel to Immoiuc ‘ self-hardening.'* i.e. 
the steel will give the recpiired hardness aft^T heating to redness - s)r 
th(‘ appropriate* hard(*ning t(‘mjH^ratnre- - vvh(*n cooled in th<* air. 

The original tungsten or “Mii.shet" tool steel contained about 
hi) \Hir cent of tungsten, hut improved tool st(*<*ls have from l.i to 20 
]H‘r tent of this element. 

!Ste€‘ls containing from 5 to b jmt cent of tung.sten }H)h.s(*hk go<id 
magnetic qualities and have lx‘en emjdoyed for th<* magnets of 
magnetos, electrical instruments, small g(*nera1ors, (‘tc. Xew'f»r alloy 
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containing chromium, cohalt . nickel, uid aluminium lune uow . to 
a large extent, replmvd th(‘ original tuiKMtMi magnet steels m all casi^s 
whert^the maximum magnetic pro|WTtieN i v coiTcne force and rtumm- 
<mce. are required Mich stecN are greath sujHTior to tungsten steel 
Copper. This imjiroM's the mec‘hanical projxu-tu^s ol i‘ast st<ad n\ hen 



Kn, loi \)F(M\SM\1 FlCOCl hi ii> mi I* i i i \ asm aim* ( ^Sl SlM.I.S 
Mkli) ai iinn ( (lO'/U ]< | loit *> I}<*m<s, \ii( (ooim*. KiMi.AfKi) 
TO K5."* (’ ( 1 ‘iTr* K ) ion I HOI H, \M* Ki ns \« i* (’ooii i* (lanoii) 


1 to .‘J JK.T cent is used lioth the yield ]M)int and tensile strength are 
increased, inde|K*ndentl\ of the carbon content of the stei*! It redm*<*K 
the tendency to corrosion and gives grain r(‘finement Fig 102’^ shows 
the effect of copjKT, up to 15 ]ier cent, ujmmi the meehafucal y)ro|K*rtieg 
of normalized cast steids of different carbon contimts up to d*f»t) jier 
unit Up to about 0*5 |H*r cent eopysT the improvement in the iiieeh- 
amcal projierties is small, hut above this jK^reentagc* the tensile strength 
* ('oppcr in CaM Steel and Iron, 0(jpp(‘r Development A8HO<Mation, Ijondon. 
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irKTca.Hf‘s rapidly. Thun, in a if 3 jxt rent carbon cast ifteel 2-4 per cent 
nddifiitn of rnpjxT will raise the tensile strength or yield point by as 
mnvh !♦> tori'^ jht sq. in. At ordinary tem|)(Tatures the ferrite is 
'.atnrated v\ith <*o]>p<‘r sit 0 3.") fx^r cent and the increase in strengtli 
a|)p<*sirs to Im- dtie to the strain on the ferrite lattice imposed by th(‘ 
siijH'rsat united copfxu* limit of MipiTsiituration occurs at about 

I |xT cent cop|M‘r in a normalized st(‘el (‘astinj^. .Additions of more than 
3-0 fMT cejit copper will not influence the .str(*n^.Cth of cast steel owin^ 
to the fact thsit the limit of solubility of cop]>er in austenite at the 
noruudizini! tempiTaturc i> reaclunl and secoiuiarv cop})er ap})ears. 

fopiM-r low(‘rs tlH‘ ductility and impa(‘t resistance of cast steel, 
hut for a ^dven imrcsisc in tensile stnmgth the loss of ductility and 
impsict resi'^tsiin'e is l(*s.s if cop|MT is addixl than if the carbon content 
is increased. 'I’hat is to say, for a ^iven tensil(‘ strength a copper st(‘(‘l 
is toucher and tnon^ ductile than a plain carbon steel. 

('op|M*r st(‘cls are susce])tibl(‘ to low ‘tempcTature “a^t*in^” or 
prci ipitat ion-hard('nin^ treatment which produ<*es substantial in(Teas<*s 
in tf'iisile [)rop<*rties, ]»articularly of low-<*arbon steids. 

'fhe improvmncnt in mechanical pro]x*rties arising from cop])cr 
additions to cast st(»els containing other alloying (‘lements is in genera! 
of the sMua* ord(T as those obtainabh* in plain carbon ste(*ls. (V>])jM*r i'' 
very (dVective when usivl in c-onjunction with th(‘ cheajKT alloys sucli 
as manganese, chromium, anil .sili<*on. For t‘.\ample, a tensile strength 
of ov<»r bO tons |M‘r sq. in. is obtainable in a 0-3 fXT cent carbon steel 
containinu: I 'J.*) per cent maniran<*se and '2 })er cent cojiper aft(*r 
normalizing and air<*ing. 

(V>p|H*r additions imTeaM' tlie fluidity of cast steeds, and up to 
3.“) |M'r cent may be addtal to facilitate running intricati* ca.stin^s. 

(*op|HT is addl'd t<» luLdi-carbon steels used for automobile iTank- 
shafts, etc., to aci'elerati* annealinjr. to improve tensile and fatigue 
pro])4'rties, and to promote iluiility 

(\)p]H'r increases the corrosion resistance of east steel; for this 
rea.son stnu'tural stt*els u.si'd for buildings, bridgt's. t'tc., ari' freqiU'iitly 
ot the coppt'r-eontent <’la.s.s. 

Other Ailosring Elements 

Other elements which impart s^x'cial projH'rtics to .stei'ls imdude 
cobalt. Ikwou, alumintum. U'ad, titanium, etc. 

('otmlt is list'd in conjunction with other alloying elements, notably 
tungsti'ii, molylHlt'uiim, chromium, anti vanadium, in fHTcentages of 
3 to o, for high-sjH'cd t(H>l stt'els. It also imjmrts exct'llent magnetic 
pro|»erties to iron. Thus, the addition of about 35 }>er t'ent of cobalt 
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iiirreasPH (he coercive force mui rornanen<‘e hy about Jo jnr (TdI The 
Hfidition, m suitable proportions, of hanlenini; <‘li‘inen(s sueh as 
I'liroinium and tungsten results in an e\(‘ellen( luagiu't steel of su|H»nor 
magnetic properties to tungsten steel. ( ohalt also forms the [>nnci[ml 
constituent of (he high-s|Mvd (oohcuttinu alloy known as Stellitr, in 
which the inm content is very low. nam(‘ly. about to 4 ]H^r cent. 
Boron, when present in ainounis up to about O-S |H*r (‘cnt. imf>ar(s 
hardness to steel and gives impro\e<l plastivit\ well Inflow the solidify, 
ing temperature of ordinary ste<‘l. 

Ahtwiniuw is a c(»nstituent of eertam nitridiui: sK'eK and a st» of 
one of the lv‘st inagm^t steels hitherto disc*o\ ereil. namely, th.il due to 
Mishima of Ja])an, who fouml that an alloy of about two parts of iron 
to on<‘ of nickel and one of aluniinium naxe superior magnetic pualities 
to tho.se of any pn‘viousl\ known allo\ 

Lend. This element does luU alho with iron bet jkcuis si*att(‘retl 
throughout tlu' matrix in linelv divide<l particles o| mt‘talbe oft^m 

of tile (‘ubie.d ]ki11(Tm 'Fla* pn'sonee ol O J to 0 L*.) {ht <’ent of lead 
gives marked improvement to tla* maciiimng pro|HTties of s((»cl. A 
typical st(a‘l of this class is “I.r«Mllo\ Some interesting data on the 
improved machinability ol tlies(‘ steels wer<‘ gi\(*n in Automntnr 
[fhfhidries'* which mentions ih<* case of a small plung'cr. whmi made 
in S.A.K. Illo steel {<i fri'c-eutt ing plain carfaai stiM'l with 0*10 
to 0*20 (’), this natuired 1 I s(‘cs. to ma<*liin»' 

When lead was introduced into this same steel th(‘ time reijiiired 
was re<luced to lij seconds. This was cold drawn sti'el with a turning 
and cut-off ojH*rat ion on a six-spmdle aulomatie On fulcniin shafts 
(»f S.A.K. 1020 (a plain (arboii st(‘el with n lo to 0 25 (’), wliich is 
always a bad machining ste<‘l on automatics, the addition of h*ad 
])roved to Ik* bencTicial. ( )n several jobs tlu' surlace sjKa‘d was increased 
from 75 to 125 surfa<‘e ft. |H*r min 

l/*ad has on<* advantage in that it does not seem to imjiart any 
imfavourabk* projw*r1ies t<» steel. 14ie leade*! stei*! can la* readily 
rolled and forgi'd, and it carburizt‘s and hardens satisfactorily. 

Thus the results of an inve.stigation madi* by the American origin- 
ators of ‘Li'dloy ’ lead-la*aring .st<*elt show that th(* lead is iilmoHf 
completely without effect on the mechanical ])rojMTtieH at room 
temjKTature of carlKin steel.s containing 0 I5 to 0*5 jmt cent of carbon 
in the normalized, I'old-drawn, and oil-hardened arul t<*mjM*red <‘on- 
ditions. It has very little effect on the impact figure at raised temf)er- 
atim's. It is also without apprecialile influence on depth (»f carburizing 

* irah July, 1939. 

♦ 7'h* MiiallurfjiMt, li/ith Augiisf, MK19. 
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an<l r»n hardenability, but the IcjMi-lx'ariiig steels have a slightly finer 
grain -^ize and |KThaps for this reason show slightly less depth hardening. 

in (*oininer(‘ial lead-bearing steels, containing under 0-25 per cent 
of lead, no globules are visible under the microscope. The effect of 
lead f»n machining is additive to that of sulphur, but the projxjrties 
(»f tfjc high-sidjihur, free-rutting steels are not affected in other rcvspects 
by lead. In such ste(‘l.s some of the IcNid is (ontained in the inclusions, 
as is slumn l)y beating a polished seetion to 4H0'(\, after which lead 
globuh*s are visible in the sulphide. 

An irdiTesting faet (‘oneerning lead steels is that the chips resulting 
from machining ar(‘ at a fowtr tempi ratun than those from lead-free 
st(‘cls ma<'hined under tin* same (‘onditions: tite former show a yellow 
tem}HT colour and the latter are blue. This has been explained by the 
nature of the lubrication produced by suh-rnicrosc()j)ic j)articles of lead. 

Nickel Steel^ 

Nickel st<‘els arc uidcly use<l in engineering work for stressed 
m<‘mh(Ts, wIk'H' ordinary carbon steels wciuld Ik* unsuitable or too 
lieavy 'Flu* nickel ste(‘ls in geruTal us(‘ include: (1) The low-carbon, 
case-hardening ste<'ls; (2) tin* plain niekel steels (*ontaining from OH 
to 0*45 }K*r c<'n1 carbon, with nickel up to 5 jkt cent , and (H) the high- 
iiic’kel ste<‘ls with a nick(‘l content of 25 to HK |K*r cent. 

Case-hardening Nickel Steels 

TIk'sc sIc{‘Is an* employ<*d in pla<*<* of plain carbon case-hardening 
steels for more h(*avily stressed parts riMfuiring a veTv hard case and 
a tougher (‘ore of much higlier 1(»n.sile strength. 

'Fhe most widt'ly used niekel steels of this group are those with 
(> H>toO I5 |H*r cent carbon and H-Oand 5*0 jht cent niekel res|K'ctively. 
The H fK*r c<*nt st(*<*l gives a tensile stnmgth, in th(‘ earhurized and 
snhse(pit*nt h(*at treattsi condition, of 45 to (>0 tons |K*r s(|. in., and the 
5 |KT cent steel fnun 55 to (i5 tons jx'r sij. in. 

The strength pr(»{K*rtif*s of the core are im|)roved by the atidition 
of about O H |K'r cent of (‘hromiuin ; moIylKlenuni is also used for the 
highest grades. 

The mechanical projKTties of a plain carbon case-hardening steel, 
a H jM'r (*(‘10 ni<*kel. and a 5 |kt (*ent niekel ('ase-hardening stool, em- 
ployed comuKTciallN , are given in Table 49.* The eomfK>sitions and 
heat-tn*at ments of these steels are alsti sh6w!i. The results emphasize 
the iKUU'fieial t‘ffeet of tiie Tiiekel ujani tlte yield |K>int and tensile 
stnmgth, and also show the n'dtuK'd ductility as (‘oinpaml with the 
(‘arbon stwl. 

• ThoH. Kirtli A John Orown Lid. 





TABLE oU 

\k KEL-t’HRoAUCM CaSE-H \KL»LMNO StEEI> 



3 per cent nickel hteei 0 30 ! u 2.") ‘ 0 bo 3 0 — OH SoO . T ">80 050 

3| per cent nickel steell 0 40 I 0 25 0 05 3 5 0 25 OH S30 . T 530 650 

6 percent nickel steel 0 20 0 25 0 50 5 0 — OH 830 T 500 600 
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In each case, after the oarburizinu o|>orati()n. the part heated 
alwve the critical ]K>int and quenched in oil or ^\ater and then hardened 
by ndieating to the low<‘r tem|HTature (7(i() (’.) and (juenching in oil 
<T water. Typical applit'ations of the 3 ]>«'r cent nickel ca.s<*-hardeiunp: 
steels include their use for inon* heavily stresst‘d parts than those for 
which plain low-carbon stet'Is are siiitabl*'. i?^ aircraft, automobile, and 
^'enentl (‘iigineerin^ work. TOie 5 |M'r cent ni(‘ke) stetds a n* t>innloviHl 
for parts retjuirinir rather lii^heiM^‘.yXi‘_strenjj^tli^^ ty]acal instanc<* s iKnny : 
ainTaft and automobile maim*on ])ins . camshaft'^, cranksbafis. con- 
necting rods, overhead val\Tl?car, timing wTKaTs.^iTulomoTine stieerinjt 
^eaT wnrins and quadrAnts. and hiirh-strent.'t h tor^in^s for ^reiieraT* 
enpineerint; pur|M>ses. 

Nickel Case-hardening Steels with Chromium Content 

Th(‘ eflect ol'tlu' addition of chromium up to ah a.. 1-3 |H*r I'cnf of 
('bromium is to inqiroNc the con* •tren^dh well ab*o» that obtainable 
from plain ni<*kcl without .ifbHiuiti mat<*rially the ductility 

or Izod impact value. 

The results in 'fable od (p 2 1 2) an* t\])ical of such I'ase- 

hard(*ning *'t(*cU, and reter to the ^tccl heat -t rcat(*d as shown in 
the table. 

Medium-tensile Nickel Steels 

This t^roup of aIlo\ .'^teeb has ,i wide application in enjrineering 
work for compoia'iits n*{juirinc trreater strciiLdh and tou^hni'ss for their 
weight than the eijui\alciit plain carbon st(M*ls. In most inHtanc(‘s the 
carbon content is kc|»t low, namely, lictwccn about t)-3o and 0*45, 
wdiilst the nick<‘l cont(*nt. according to tin* purpose for whu’h the steel 
is ne(*ded, ranges from about I to o fK*r cent, usually wdth chromium. 
Thi'.se Steels give tensile strengths in the heat -tre.it <*d condition ladweeui 
4t) and (U) tons jkt sq. in. 

Table 51 (p 212) gives tla* c<mqK>sil ions, h<*al-tr(‘af m<*niH, and 
me(‘hanieal pnqierties of t\pi<‘al (*oniin(Tcial steels.* 

In general the of thfst> nteeU .should la* carried out within a 

limited range of t<*in|)<Tal ures ; as a rough guide it may Is* staUal that 
the temperaturf* should not exee<*d I J50 (’. nor fall l><*low a cherry-red 
heat. The ftte<*l must Ik* heated gradually and allowefl to soak at the 
forging tern jKTat lire. The hardening is <*arried out by healing U> the 
temperature.s indicated in the pn*ceding table and (pienohing in oil. 
Tempering then follows this ofKTation. 

* Merhaniral rrupertu'9 of StekH Alloy Sterln, .Moral Xic‘kc| (jo, anfl Thos. 
Firth A John Brown Ltd. 
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The effect upon the mechanical pri>|K‘rties of tcin|H*riiig a nickel 
steel ^ith chromium and molybdenum <onten( is illustrattai in 
bV- It Mill 1>C‘ observed that the maximum stress (M.S.). yield 

|x»int (V.P.), elastic limit (K.l^.), and Hrincll hardness (IJ H.) all 
diminish in value as the tcmfX‘rin^ tent|HTature is ituTcased. whilst 
the reduction of area (H.A.) and I/.od impact vahu* (l/od) lK>th mcreast* 
as the teinjieratiire is increased. It shouhl be |H)inted out that if the 
stei‘l is reheated to any given teinjHTifur lcm]H*rature ami (pie»u‘hed in 
oil, it will have the m(*chanical pn»|M‘rti(‘s sliown hv the graphs in 
Fig. loa. 

The initial hardening temjKTaturc of tins ste<*l is Sot) oil 
({uenching being used; (he results nTer t(j IJ in diameter bars. 

of t h»*sc nickel sterK (*an ii‘'U<dl\ be tind(‘rtak(*n with tlie 
steels in the oil-Iiardcmed and \\ell-(cm|H*red » ()miition. In tlie c‘aH<* of 
large forgings, where tin* s((‘els ma\ Ik* tc.ohard for si.ostupumt maehin* 
ing aft(‘r hea(-ln‘af namt . they sliouid he* partly solt ‘r'-'d l)\ hiaiting to 
()3d to (>50 (\ and (‘ool«*d sK»wl\ in air or in tin* furna(‘e. It is usual 
for the steel manufa<*turers to suppl\ niek<*l steel bars in the heat- 
treated condition ?‘<*ady for macliining. 

Applications of Nickel Steels 

The steels <‘ontaining mi to aliout 3 |K‘r cent of nickel are w itltd y 
em])loyed for forged and ' turmai from the rod” parts tor automobile 
eranksliafts. eonneeting rods, front a\l«‘s. stub axl(*s, si<*ering gear 
parts, ain*raft engine e\lin<lt‘rs, spindles, gear-box shafts, tongic tulH‘s, 
c'hassis frames, and for tin* shafts, a.xles, and spinillcs of high-elasK 
machiiKTy. 

The 3*5 |RT cent nickel steel shown in 'fable 51 was df*v(‘lojK*<i for 
aircraft engine Im'VcI g<*ar shafts, liand-slart<‘r sbatts, airsi rew bolts, 
connecting-rod bolts, and similar hiirh-ttmsilc parts. 

The 5 |KT <*ent nickel ste<‘l, which is not <piitc so strong as the lower 
nickel steels given in Table 51 . is employed h)r plate fittings in aircraft, 
for turbine blading and shrouding strip. 

High-nickel Steels 

Thetx* steels or ferro-niekel alloys liave a l arlKin (*ontent of about 
t>'3 to 0*5 |K*r (vnt and, according to their eom|K)silions, are emph>yed 
on ae<x>unt of their resistanet* to corrosion, low thermal expansion, or 
electrical projx^rties. 

They are austenitic and not subject to heat-treat merit, but are, 
however, quito tough an<i strong, while some have a low thermal 
expansivity and are very n^sistaiit to corrosion in air, fresh or sea 
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Hater, These sUh*Ih are used for gas engine valves, boiler tubes for 
water or fire, and valve stems in salt Hater lines. The alloys may hi^ 
forged or rolled, but an^ not so readily machined as ordinary steel. 
They may hav(‘ the following average tensile pro|)erties in the natural 
state witliout iu‘at-treatm<*nt. 

TABI.E 52 

Hkjh-mckel Steels 


lutisilt* Strength 


Min iigt h, fniis |M‘i Ml in. 
V'mld jioini, Ions mi. 

Klnngation nn '2 in.. |M‘r ('(‘iil 
Ki'du<‘t lon of ar«*a, imt rnnt 
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40 
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.‘lO 

tin 


AO 

-(>0 

au 

rom 2tl to 

30 

per 

cent nickel can be 


obtained in the non-nKtijuf tie condition b\ coolinir at 
from rolling and Ibrging tem|)erature^ , simh alloys arc 
non-mag?ictic compoiusits recpiiring stiength and loiighnt*.MS. 


normal rat(‘h 
t‘m])loved for 


Low-expansion Nickel-iron Alloys 

As the ni<*k<'l ( onterit is in<‘n*as<‘d from 2 k to 55 per c(‘nt . the thermal 
expansion c<K‘tlicient at normal air t<'m|K‘rat ures diminishes rapidly, 
but la‘Vond about 5<) per cent it inerea.se.s rapidly. 'Phus for nickel 
cont<‘nts of 2S. 50-4, 34 t». 55*5, 57*5, 31b4, and 44*4 |K‘r cent, the corre- 
sponding tMH'tbeients of linear expansion ]M*r d(‘g. (’. are, respectively, 
1131 ■ lO ^ 45S , 10 137 10 «. S7 ■ 10 537 10 », and 

85t> \ 10 **. 'Pile lowest eot‘rti<ienf is that eoiTes|M>n<ling to 35-5 |KT 
cent nickel . 

It may be of inttTejit for ('omparison purposes to give the valutas 
of the eiM‘tticients tor mild and hani st<*els, the'^o are l07vS \ 10 ** 
and I24(t ^ Itt resjHM'tiveh . It may also ho mentioiUMi that a ferro- 
nickel alloy having 47-5 |kt <ent of ni(*kel gives //n sunn thennai expan- 
sion aH'JlJicicnt os (jloss and platitniin, so that wires of such an alloy 
fused into glass give sati.Nfa<‘torv results over a wide temjKTature 
range. 

S^HHnal low -expansion nickel-iron alloys which have found im]K)rtant 
eommereial applications im4udo Invar, Klinvar, Dilver, ami Platinite. 

IfiiMr I’ontains 35-5 |K'r ivnt of nickel, O lH jx*r cent carbon, and 
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0-42 ptT (’ent manganese. It has an expansion i*ix»ttioient of 87-7 \ Uh* 
|K‘r <ieg. V. The mean value for the expausum e<R'rti<*ienf x Iwtwetm 
0 and t (\ is given by 

X (0-877 - 0-tK)117/) ‘ 10 « |K‘r deu. (\ 

The range (‘overed by / should not (‘\(*eed 2(N> (\ 

Invar has about one-twelfth the expansion |K‘r deg. i\ of inm and 
one-seventeenth that of brass. It melts at 142.5 (\, has a s|H*eiti(^ 
gravity of about 8 and eleetneal resif.tivit\ of .s.5 nnrrt>liiu eiu rids 
alloy is mueh used for the |H*nduluni rods of < Io(‘ks. for staiulard l.ugth 
measures, stee! ta]H‘s tor aveuratt* uu-asureinent s. halaiu't* whetds of 
\\at(‘hes, ete. It is v(‘r\ resistant to corrosion ir» water. Insar is also 
used in the construction ot a certain ty|M* n\' alutinnutm u/Au/ pishtn 
known as tlu‘ huvr Strut oiu- in onler to r(‘diue the overall ccHdlicient 
of expansi(»n in tli«* radial direction to that of the cast iron Under. 
Such pi.stous can he made with lower (\hmler (‘h‘arant*.^ than ordinary 
aluminium allovs. and arc thendf^n- immune fnmi th<* coltl knocking 
erfect, known as piston slip. 

Elinrur, on<‘ of the modern mckel iron all(»ys. consists of 3.5 |M*r 
cent nickel to which about 12 p*r cent chromium, ta* its e(|mvalenl, 
with small (|iMntities of mangancM*. tungsten, or carbon are used m 
conjunction with chromium additions tlie rest is iron. 

ddiis alloy po>s<*>s(*.s <( v* nf hnr r(M Ifirtt nf (tf hneor tj'jHtnsfon 
namely, about 120 \ lO ^ deg. at 2tt (’. and a ])ractica!ly //oY/ri* 
(thh fnislulus of ( lasttritp. 4'he development ol thisallov m connc<-tion 
witli single nudal balances for hiirh-gradf* watches Ini'* enabk-d a k'ss 
e\|H*nsive method of coni]H‘nsalioii to b<‘ obtaineil. 

hilrer has a (Yudhc'ient of tluTinal expansion very nearly the same 
as that of ordinary glass. 

IHntinit* is a 4tl jht cent nickel-iron alloy, with a thermal expansion 
eijual to that of jilatinum (?KMI lO ^). It has Imh-ii umsI in place of 
})Iatinum for sealing in tlu^ leads of ek-etric light bulbs. It has now' 
lH‘en su]K*rseded by a com|s)uml wire having 38 |H‘r cent nickel- 
steel eort* encased in cojijier; this wire is sometimes ]}lalini7XMl 
externally. 

Nickel-iron Electrical AUoys 

V^arious alloys eontainiiig iron and ni<‘kel are used in electri(!al work 
in connection with .such apjdieations as liigh reHistamjcs, non -magnetic 
parts, electromagnets, etc. Since these alloys are more appropriately 
associated with those of nickel, they are dealt w ith in the section on 
Electrical St-eels and Iron Alloys (dhaptcT VllI). 
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AHF Low-temperature High-strength Alloy 

This is ii nickel-iron alloy having an expansion coefficient simiJai 
to that of steel, but, unlike the latter, it jK)ssesses great strength 
<liictility, and resistatice to shock at very low tenip)eratures. It hav 
the following jH*r(‘entage composition, namely, V, 0-2 to ()*4 : Ni, 55 to 
t>0 ; and Mn, dsllk 

-4/ tht' tf'mptratun o/ liquid air it has the following mechanical 
properti<‘s - 

'IViisi!** mron^th . . '>1 t»>nN prr scj. in. 

KUiMtic liinit . 2^) 

Klongatinn . 40 fx^r rent 

K«*0u<'tion of urou . o,*! 

It is therefore suitabl<‘ for components (*mj)loyed in licpiid air and 
refrigerator plant, such as valv<‘s, shafts, etc. 

Non-magnetic High-expansion Steel 

A sjW'cial nick(*l-chromium-mangaiiesc st(*e). known as Firth 
N.M.C, has Ix'cn produced for parts which have to used in (‘on 
junction with non-ferrous alloys, such as those of aluminiutti, with 
high c<H*flici(‘nts of thiTinal expansion, Tlic ste(‘l in (pi(‘.stion has a 
thermal expansion ccHdhcit'Ut of 2ltMt • IG ^ whi(‘h is only slightK 
lower than that of aluminium, so that it can Ik‘ used for steel liners in 
aluminium aircraft (*ngmc (ylinders. piston skirts, cngiiu^ bearers, (‘t<‘ 

It is non-magni‘t i(’ and has a high yhdd point, namely, to 50 
tons s(|. in. It is used m eka trical work for alternator rotor ca})s 
and wedges, coil-binding rings, distance piect's, non-magnetic binding 
wire and strip, <'t<\ 

Nickel-chromium Steels 

'riiese alloy st<*els include tin* ease- hardening low’ carbon and the 
oil- and air-hardening grades containing from d-5 to 2-d jht cent chrom- 
ium and 20 to 50 {ht cent nickel, gi\ing a range <»f tensile stnuigths 
from alxmt 55 to 1 25, tons |ht sij. in., aiaording to (‘omtKKsition and 
heat -treatment , such .steels ioine within the range of medium to 
high-tensile ones, and are stronger, harder, and tougher than the plain 
nickel stt^ds. 

The carlnm content lies iHUwwn about d-H and d-4 |rt cent, as a 
gimerul rule. Table 53 gives the com fiosit ions and test properties of 
some typical commercial nii'kel-chromium stwds. 

Most of these* steels (*onform to B.S.I. or D.T.I). spt»cifieations. 

The medium-tensile strength sttvls art* forgeil lH*tw'een t4*inperatures 
t>f I15d atid that et»rrespm<ling io a cherry -n*ti heat. They require 




fi <T5 3«>1» 
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to Im* hoated slowly, f(»llowf(l by a thoroiij^h soaking at the forging 
t 4 *tr»|KTiiturt‘ . they should not in* put into the already heated fumaee 
^ MMchining can he done in the oil-hardened and well-temjiered 
con4lition. using hign-sjKM‘d ste(d tools, except for large forgings, where 
an int4‘nnediat<‘ heat -treat nient is advisable. — 

The high-t<*n-'ilc ste(‘l.^ an' forged at 1 UK) (’. to a bright red heat, 
blit (are is iiecessarv <is .sonu' of these st(*(‘ls (‘xhibit a tendency to air- 
hanh'ii. so that th(* forging should not Iw' earrii'd out helow a light red 



Ki'. ici I'wM M H\(u \\M. SeiKM Hi,\ M. (O.xHs i\ :t n :t 7 

J’l It < I S l’ .\n Kt l, n ■» I (» rjfKOMU M. \MV U'2r> IM.K • I.N*l 
Mminmimmm ( vsi II N rs<. 

< n I, II' I 

heat and the parts must Ih‘ protect(*d again-^t draughts during eooling, 
in order to avoid distortion or intt'rnal elinking. 

d'h<* ff<ir(hns,sis of the nuld and iu(*diuin niekt'l-ehroniiuin stcnds 
given in 'fable oli an* 211 and *J.V> 2SV.\ Hrinell n‘s|H‘etively. The 
valiH's for tilt' niclo'l-chroiniuin gear steel and tin* su])er air-hard(‘ning 
steel given in tht* same tahh* an* 441 iVm Brint‘11 in eaeh i‘ase. 

'if ujM>n tin* me(*lianieal ])roperties of a 

highdeiiNiU' niekel-cliromium stei'l is illustrated by the results shown 
in Fig. for the S..V.K. No. Itlt4n stt*el. the }M*reenTage eom|H>sition 
of whieh is as follows. (’, tMlo to 0-4o . Mn, to b-bO . P, b'04 

(mux.). S, 044 (max ), Ni, to 11*75, CY, 1-25 to 1*75. 

Tht' sttvl w.is oil-tjuench(*d at I4tH> to 145b F. (7tH) to 7Hb C.) 
and t(*m{>ered or drawn at the temfH*ratures shown in Fig ltM>, The 
Ac. I and .\c. *5-2 jHunts t(»r this stt*el an* 1345 F. (72b V.) and 1345 F. 
(72b (\), 
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Apidicatioiis of Nickel-chromium Steels 

In genera! t!ie me<iniin tensile steels arc* em|>l(»\etl iov the 
highl} Htrt'HfHn! parts in tUitoinotjile airiTaft and gt'iKT.d engiiuvring, 
\Uv»re greater strength tor weiirht tomhint'd \uth dndilitx am! touirh* 
ness than would In (d>tainahl(‘ tmiu pi nn tailxai oi nn*kt‘l steels 
Is desiraiile 

The high-t4'nsde stirk him* iht uuMinuui tt nsde stouL^tiis and 
Iiardneases and are einplnMnl ioi hnrhi*st iri.eh (‘lejinerrnn,' parts 
n‘quiring niaMinuni stnMigtIi to uuirlit latio lesist in<( to l^vtiiui and 
liardness T\pi(<d apjiluatious c»f t^a na dnmi t< nsile siiads nn hale 
aircraft and antoinohih' (ranksliafts ind toniadinu^ io<ls holts lor 
t\hnd(Ts (onnedinu lods < \ lmd« i In nis md r'nk(.ises gist r ho \ 
shafts rear axh's inolinan slutts md a\l»‘s of h ^di sinuigth ti 
weight pro|K*IIeTs and pressure \ess(js 

The hiirh-tensil(‘ st((U of ItMl I Jo imis |h i s(j m n nsiU* strength 
are <*niplo\(Hi tor ,nr<raft and luiornohik gi u wine' 'g « un gears, 
aircraft reduction ta'ars sii|m r< li ir j< r t^t.os Inghh strcsMsl shalts 
tulK's, tnrnhuc kies (t( 

(hj-fo/f Xf(kJ (hnnnnntt f I '1 hi stiil is iisi d loi highl\ sti(*SH<s| 
aircraft engine* (onnc*(ting it»ch and jiarfs (Mrfoirmng sinnlai duties 
It has t!ie following s]K<ilnation ( i) '22 to 0 Js Si p .*tt> {ina\ ) 
Mn P 35 to (M»5 I* md S P 05 (ina\ ) \i 2 75 to 3 oP fi I P to 
1 4P Mo (I 25 (pc !( < nt.igc s) \ anadimn |P 25) md t iingsteii { I P) an* 
mentioned as option il constituents 1’}n nnchannal piojs rti(‘s of this 
steel when oil hardened at S3t> (* «md tempered ire gi\en in I'lg Ip 7 
whcTC' the same annotation is used as for Tic H>3 on jiage* 211 'rin* 
tensile strc*iigfli «is oil hirde'ind is o\e*r HM) tons per scj in hut at the 
icH'ommendcHl t<*m|>e*r < orr'c spondmg to tMMl to 'itM) ( if falls to 05 to 

77 tons |M‘i s(| in rc>jM(1i\cl\ with a Ihnn II hanlnessot 350 to 3<Kt 

B.SJ. Specification for Nickel-chromium Steels 

The* British S^«mdards Institution me hide*'' a nurniMT of 
nic k<*l-( htomnim stf*< Is m its s|h c ifi< at ions for aufeunohile* Ktet'ls 
The following ste»eU cont lining iiie k< 1 and chromium an* hjH*e ifi(*d 

(1) 3 |K.‘r c*<*nt nickel ste‘el (not more than P 30 jh*i cc'rit chromium) 

(2) 3i yier (‘e*nt nickel ste*e*l (not more* than P 30 [x r cc*nt chromium), 

(3) 55«te)n nickel-ehromium st<»e*l (0 50 to J (Kt j)e*r <e‘nt cliroinium), 

(t) air-hanlening njckel-chreunium st<*<*l (5) ojI-hard(‘rimg rncke*!- 

ehromiuiu stfH*I 

In aelelition there are the BSl 45-ton alIo\ atee*) hara (he'at- 
1re*ated) and the 55-ton alloy steel bars the chemical ee)ni}X)mtionR of 

* H S Aire raft 
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which are not Btipulated beyomi the fad that the Bulphtir and phoa* 
phorua contents must each nut cxi'ihmI (>*05 <vn\. 'Fhe priiu^i^ia) 

ciioinical coin|>ositiu!i and ineclianical pru|HTlies n*(jiiireiueTits of the 
stetds mentioned in (I) and ( 2 ) havi‘ Imhui , stated alrt*ady , thow for 
( 3 ) art' ^iven hen‘\\ith. 

T!ie B.S.I. oo-ton steel has tla* follouiiiL' |H'rt‘t*ntai::e eoin|H>sition . 
(’, 0-2S to 0*34 Si. (»'3<> (ina\ ). Mn. O-lo lo I*. 0*0.") (ma.v.): 

S, ldi5 (max.): \i. .‘MHt to H-To (V. t»50 to I 00 

When ht'at -t n‘ated. h\ Ihinleniiej in od from a rat lire of 

S3t) (’ and teiniM*!’!!!!: at a suitahh* teinjHTature ol o.sO ('. to t>t»0 (\, 
it lias th(‘ follo\Niiur nn'clianiial j>ro|MTtH‘s 


'r«'ns)U‘ "tmiv'Oi (tifii's }» i >^<1 til ) 
^ irM |H*mt (l«ntv )wT -tj III I 
KIdlajrat Mil jw‘r mit 

mil i»! ,ir»'a |>< j t • lO 
Notclu'ij har 1 i*"! |lt ll* 

Hniidl luudiirs-, injinln r 


.*;» n*. 

»,■> (null t 

I S oeai I 

."*0 (Mlltl I 
" in ) 

J t 1 U I 


Ni<*kel-(liroininin sfec 1 is snpjilied eonimireiallv tn billets, bars, 

for^inir*'. stainpnejs. sheets, tubes eti 


Chromium Steels 

'riii'se inelnde the low- and in^di-ehroinimn steels 'I’Ih' tormer 
('oiitain ehroiniiiin up to about 2*0 {mt rent with or without the 
aildition oi“ niu« h smaller |MTeenlatres of luolv hdeiium . eop|M*r. (dc. 
Sueh steels are harder iu the untreateij eondition than <’arbon sti^ds 
of similar carbon c‘onl<*ui. -nnl are also hardir .iial strom/tr tn the hr*af- 
treated state than tln‘ lattiT ( hromiuiu also improves the wear 
resisiaiuM* and ]>ernnt^ larir*!* massrs in Im' banlen(‘d sat isjaidorily 
tliroimhout . 

Chromium steels can be wiulo-d. forued and eas* witfi no more 
trouble than m the eas<* of ordmarv earbou steels 

Steels of the low i bromium < Iass are emploved m place of carbon 
steels for various purposes w lau'e extra hardness is desiretl. 

File stei'ls are now freipientlx made from < lirommm sfisd a typi<‘iil 
comjMisition eontaininir from 12 t(» I -5 jwr cent carbon and alxuif 
O o ]HT (Huit eliromium. 

Ball and roIlfT Usirinirs are u^uallv made of ebronuum steel One 
typical comiMisition has M |ht cent carlxai. 1-4 |>er <’cnf chromium, 
B-35 |XT <‘ent manpinese. and 0*3 |ht cent silicon. 

This steel, for hall.s .smaller tlian i in diamef<*r, is )a*af -treated hy 
(jnemehing from ToO C. in water, ami tein|KTin>j at about 200 ('. fcjr 
half an hour. In the (‘ase of larger halls tlie (jiKuichin^' temfK'rature 
is 820-S40 (’. The diamond hardness about HOO. 
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(’hroinilun Kte(‘lK are also used for dies and stamps employed for 
preH.sf‘ri work, drawing, trimming, and forging purposes. 

A typieal low-chromium steel* suitable for dies, mandrels, gear 
wheels (apj>li<‘Hble to surface hardening), and moulds for tyres has the 
folk>w'ifig jKTceutage conifiositioii : (’. 0*55 to 0*65: Si, 0*30 (max.). 
Mn, 0*5 to 0*S: (V, 0*45 to 0*70. When hanlenerl by quenching at 
K50 (’. and tfunpered at 550 (J5tt (‘. it gives a jield stress of 
4<» tons fM‘r s(|. in. ; tensile strength of (>0 to 70 tons per sq. in. ; elonga- 
tion (min.) of 15 ]H*r cent, with 40 |H‘r cent (min.) reduction of area, 
40 ft .-lb. (min.) 1/od and 277 to 351 Hriiudl hardness for specimens 
made from liin. diameter bars. 

l^iw'-carbon (0*12 to <MH ]ht (‘rut (‘} chromium steels are also em- 
p|oye<l for cast -hardvnrd parts such as roller bearings, cams, and cam- 
shafts; th(‘ chromium content in such steels is from 0*9 to 1*20 jkt 
cent, with O 10 to (tOO |M'r cent mangane.se. These steels give tensile 
strengths in the ndined and water-hardened condition of 40 to 60 tons 
|K*r s({. in., with IH |kt cent (min.) elongation and 40 per cent (min.) 
redu(*tion of area, 'ria* l^rinell hardness varies between 185 and 2S0. 

('hnanium stn! rasfifftjs with excclk*!^ m(‘chani(*id pro|XTties are 
now used in preference to wefde'd and forg<‘d steads for many purposes. 
1’he addition of I to 2 jM‘r cemt of <*hromium iiUTcases the strength of 
carbon st(‘e*ls suflicicaitly to ('liable* a .saving in weight to he efb'cted, 
whilst r(‘s])ons(‘ to lu'al -tn'at iiu'iit !*> furth«*r improv(‘d by the addition 
of 0*25 to 0-50 jM'r c(*n( of nmlybdenum. With 6 |H'r c('nt and upwards, 
the st('<*l Im'coiucs h(‘at -n'sisiing. 

'The following an* typical ('xample.s of the* compositions of ('om- 
mercial chromium casting'^t 
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• Englisti Steel (*or|wn‘rtl on LtU, 

t “I'hromiuin Steel C’rtMtingH.” Dr. K. Roe«oh. The MetnUurgist, 29th 
December, 1939. 
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(Jroup 1(1 consist-K of low-carUni (‘onstnii'tionHl which 

incidentally have pKxl nw^rnetic projx^rties, hut an' most suitable for 
oog wlieids, sprocket wIum^Is, etc., uhich are to Ik* case-hardened, 
(iroup \h are used for cast -steel parts in aircraft, their ^jocmI pn)|KTtie« 
actually leadinj; to a i<»nsi(ierahle s;i\intr m \\<‘iuht Tlu* steed is also 
weldahli'. and in this res|>cct thi‘ acid stead is sa'd to 1 h‘ lM‘tt(*r than the 
basil*. For an a\(*ratre coinpo.'Hitam the incclianical pro|H*rties. j^ixaui 
in the torni oi curves, are a*-' recorded in Table oo Idle advantages 

T.MUd*: .v> 

MkcHAMCXL FkoCKKTIKs AiTKH III. \T TItKA'rMI* NT 




Vadd |Kunl. Tons p» ( m|, m 
Mavinutni tons j)««r s<| n> 

Kloncation p('r ( <*n( (/ .V/i 
Kodiicf lofi of aroa. piT cont 
Impact lijjitO'. ftiKu' * m •’ 

of the addition of tnoiybdenuni in promoting depth hanl(*ning and in 
alio\ung tht* ’ise of higher tt‘inp<*ring teinjwrat ures to obtain a giv(*n 
tc'tisile ^trenirtli >\ith incn'ased ductility are empliasi/.(*(l. 'I’ln* sfc'els of 
group I In arc UM-d in high-prc.^siirc st(*atn j)lan» at tcm|M*ratures up 
to r»(H) (\ Thc\ arc notable h»r lh(*ir cn‘ep resistance. \ihi<h is en- 
hanced by the pre.s<*nc(‘ of nn>l\ bdenuin. The creep limits at r>tH> of 
< arbon .steed, a steed \eitb <t*5 |M*r ecTit of niolylxlenuni, .md erne* uitli 
I jKT cent of (diroiniiim and (1-5 |>er <‘ent of inolybdenimi are give'ii as 
4-4. 7d>. ami Kt l teais )ht .h(| in. i<‘s]>e‘ctiv<d\ , A casting of a high 
<h*gr(‘(‘ of iie*at and ceerrosion n^sistanex* is that of ty|)e 1 1/>», largely 
ti.sed in oil ndinery W(»rk at tenijKTatun^s np to tJtHt (\ (Jroiip ID 
cemtains the h(‘at -re'si.sting st(*els, freM|uently usesi uith higher c hrotnium 
and rath(*r higluT carbon c*ontent than that given. The* maximum 
admissible temjieratun* at \ihi<*h the*\ may Ik* e*x|>oH<>cl to furna<*e 
gas<\s is stated to ri.s(* 18 for every I jkt e<‘rit of (*hroiniiim, from HlK>nf 
7tK> (\ for <) |KT (*(‘nt e)f ehromium to about IfIKl ('. for ]K*r eent 
of ehromium. f Jroup IV contains the corrosion -re'sisting (‘astiiigH in 
whi(*h it is essemtial that the ehromium should Ik* ov#*r 11 fior eent 
(preferably 14 per <>ent) anel the earlKUi low. A hanle*ning temperature 
of 950" to 1050 C. must Ik? used. 
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Cfhromium Structural Steels 

( ’hromium H<e(*ls arealso usf'dfor certain for building - 

tho siij)erstru( t»iro< of ships, etc., to enable weight saving »u 
Ik‘ effected over the carbon steels pr<*viously employed. 

A typical steel having a tensile strength of 87 to 48 tons jkt sq. n- 
with 17 |M‘r cent elongation (min.) on Sin. and 40 |kt cent reduction 
t)!' area (ruin.), and an improved resistance to corrosion, is a cojrjK i 
chrome ^tc(‘l of the following penentagr* <*om])osition : (\ 0*8 (ma.x.i 
Mn, 0-70 to I -0 ; ( V, 0*7 to I * lO ; ( ’u, 0-25 to 0-5 ; Si. 0*2 (max.) : Pand 
S, O'Oo (max.) (‘a<‘h This sterd owck its advantage to the fact that tht‘ 
ferriti* ar(‘as (‘ontain alloyed elemcrrts whicli increase the strengtli of 
tl»<*se an‘a^, in<lcpend<‘nt ly of th(‘ <*arhon content of the steel and in 
a mrn'c ctfccti\c manner than carbon. 

Other structural .steels containing chromium which an* now 
employer! include those haxiug from 0-4 to 0 (> p(T cent of chromium 
l-I to 11 fM iM'cnt ol mangancsr* : and 0-7 to 0-0 per c(Mit of silicon. The 
<‘arh(u\ content rang(‘s from <r|(t to O-tiO p(‘r cent. These steels arc 
harder and sli'ongcr tlian the usual .structural carbon steels. Tensilr> 
st rt'iigtfis as high as oS tons jMT sep in. an* obtained in the rolled con- 
ditiiui and up to 7G tons per s<j. in. luait -treat t*d. They ]M>sst'ss high 
fatigue limits gnod ductilities and impa(*t stn*ngths: a fatigue limit 
as high a.s GO per cent of th<* tensile strength can lx* obtained. 

t’hi'omium steels ol 0*4r> to tt-Tf) pru* <*t*nt carbon (‘ontent an* u.sed 
lor rnthnuf /nronutfu'* . ('nnutiji . and ivatjou Ac(‘ording to th(*ir 

i’arbon <in<l < hromium content th<*y can be aiTang(‘d to give tensih* 
st rengihs ranging from oO to SO tons per s(|. in., and are greatly sujxTior 
m t heir .st n‘ngt h . toughness, ami w(‘aring (pia liti(*s to ]>lain carbon steel- 

Uigh-<*hromium stct‘ls,<*ontaining from 12 to iSpiTiont of chromium 
arc not(*d for tlu'ir marked n\si.stan<*e to corrosion by various attacking 
media : thc\ an* known as “staiitless. ’ rust- and a<*id-resisting steels. 
Peten'iKM* is made latt*r in this volume to these steels. 

High-tensile Alloy Steels 

riu'se steels bt'long tt) the compli'x alloy st(H*l class atid include 
in tlu’ir com[>osit ious such ek*meuts as nicki*!, chromium, vanarlium, 
and molv bd<‘num. in addition to the usual elenu'uts, carbon, mangaitese, 
and silii'on. flic liigh -tensile nickel-chromium <te(‘ls have already 
lxM*n refernxl to in this chapter. 

riuTc is such a wid<* range of steels of this class, differing in their 
cotn posit ions, but w it h tlu* .sam«* general high tcuisih* strtmgth pro|K*rties, 
that it is only possible to give stune typical com }x»sit ions, mechanical 
pro[HTties, and recommemhMl ap]>!ications in the ])r<'s(nit limited space. 
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Steel Sheets for Various Purposes 

Sh<*et stH'l iias a wide ran^o of industrial application, and for thi^ 
n*ason is Muppli<‘d in a iiumlK*r of different qualities and finishes. 

The plain carbon sheet steels are available with carbon (‘ontents 
ranging from about OtHi to 0*45 jkt cent. These steels are usually 
mad<‘ by the o|M*n-}iearth. el(‘(‘tric‘ furnace, or crneible processes, cold- 
rolled. pickled, ami anneal(‘d. Typical compositions and minimum 
tensile test values for such steels are given in Table 58. 


TABI.E 58 

(V»Mi»osiTioss \Ni) STKEN<rrn Fh<»i*ekties of (\hbon Sheet 

Steels 


MaUiuil 


ExtM'Holt I aihoit 
s«»tt »urb*ui 
Sott railioii 
llaU Iwittl (’.iilhtii 
Hali-imei < aitMUi 

Alios steels arc also .suppli(‘d in sh(‘et form and. wIkmi annealed, 
have similar pro|H‘rties to the rod and bar st(‘(‘ls ol th(‘ same compo- 
sitions. Tin* ertect of rolling is tt) incrt*ase the ttuisile strength and 
re<iuce the elongation as eompare<l with the annealed values. These 
alloy slu'ct stt'<‘ls are amenable to heat-tr(‘atment in a similar maniKT 
to the .steels of corres|H)ndnig compo.siti<»ns mentioned earlier in this 
ehaptiT. Such steels art* employed for ])res.sed parts where high 
strength j)ro}K‘rti(»s are required, e.g. automobile and aircraft fittings. 

Tlu‘ stainless st<‘els are also made in sheet form, whilst bullet- 
and shra])nel- proof steels of manganese, nickel-chrome, chrome- 
vanadium, et(‘., suitably heat-treated, are widely used for military 
pur|K»ses Tilt* tt'iisde 'strengths t>f thest* plates vary from alx>ut 
70 tt» I2t» t<ms |H*r stj. in. and they are excet'dingly tough and hard; 
the Brint‘11 hardnesses range from about 400 upwanls. in this ton- 
nei'titm a nickel-chronu* plate of 4 S.VV.tJ. (0*232 in.). w»‘ighing 0*3 lb. 
|>er sq, ft., will rt‘si.st jH*nt*tration at a range of 5iK> yd. by an armour- 
piereing machine-gun bulk*! (with hanleiuxl steel core); a s|H*eial 
alloy sUh'I plate of 10 mm. thickness will n*sist penetration at fK) yd. 

The ortlinary ‘ blat'k sluH'ts” are pre}>areti in several forms — 
namely, (1) piekletl, cold-rolled, and elost* annealed: (2) pickled and 
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vloae amioHled: {:\) dost* anneahnl, aiul (4) c lost* ami clom' 

anneakal -i>r what is commonly <lcsii;natc<l the ( .IM' A tjuality. 

The .sheets are usually hydratihcally tlatltaicd and arc su])plied in 
various finishes to suit s|H‘ci.Ml rt*<{uircmtuits 

Thus, for electrical |)ur|K)s«'>, the steel slicrtv art* s|H*t'iall\ prt'paretl : 
for enamellinjr the s}uM‘ts an* close anncaltsl hydruulicall\ llattt*ne<i. 
reshciired, and rest jua red 

The “sjK‘cial hint* ' TKrA stt*cl^ is h\4lraulicall\ tiattened and 
resheannl. It is a hiv:h-class wcll-timshcd sh,M‘t uitli a »lc»fs» hint*- 
black (‘olour Th<* sIkhMs will work up in an\ dirtMtuai ami tbi* ositlt* 
colouring dtH*s not break ofV 

Ft»r lagging lH»iicrs and other ln'atmg plait! .t |>eeial lilut* lagging 
steel is suppli(‘<l. rsuall\ then* l>riirht bha* she<‘ls .an* rather hard ni 
lem|K*r and will not work up V(‘r\ well tht‘\ can, howextT. Im* curved 
and lH*nt to relativ«‘ly l.tria* ratlii s itis|aeionl\ 

SjK'cifieations for sheet st<‘els of this lass retju i that test strips, 
cut inan> din*ction from thesht‘et sh, ill conform withet^rt.im minimum 
conditions of yield .stiivss. tensile sirein'th. elong.ition. and rednetioii 
of area. 

It is now gener.’d to stipnlatt* a Im'ikI test for strips <*nt in any 
tlireetion , tlie strijis .should U* tapable ot U'lng lianmu*red over, or 
otherwi.st* bt‘nt . <*old. tlironuh an aimle of |sn that is to sa\. parallel 
to the original direct ion. to a radius eipi.i! to t he t hiokness of i he plate, 
without cracking on the Ollier surface of the In ml .\ fnrt her ti st . often 
sjK*eified, stipiilat(‘s t hat strips I j m wide, cut from t he .sheets ,uul with 
the edges roundi'd. shall .st.ind reverse bending <old. through an angle 
of . for not les.s than three eompl(‘te reversals without fraetnn*. 

It is some! mil's desirable to .s|HMif\ tliat a welded joint oftlie sheet 
material shall In* tested in tension, and that the efheienev oftlie weld 
shall Ix* not less than from SO to So jM*r e(‘nt of that of the unwelded 
metal. 

Sheet Steels for Pressings 

She<‘t steels suitable for cold jiressing liave r(*lativejy low earh)ori 
eontoiit since the ductility is reiiueed with ineriaasing carbon in steels. 
In instanee.s, however, wliere greater tensile strength is required from 
the pressing, steels of higher carbon content are employed, but munt Ikj 
normalized, annealed, or spheroidized lM*fore pre.ssing , for rnnlii-stage 
yire.ssing ojXTations the.se processes mii.st u.sually lx* rejx'ateil Ixdwtvn 
the .stages. A finer graini'd .structure is considered much Ix^tW for 
cold pressing purjK>.st*s than a coar.s<*r graiiU'd one, ^inee thi* Miirfaee 
♦ M •ssr-. Hukiwiii .Sw’iitiH<*a 
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tini«h obtaiiiud Ls much smoother; the grain must not be too fine (.: 
the steel will lx* too hard for plastic deformation, so that a compromise 
is ne<^*ssary in selecting the type of steel and the softening process for 
iold press work. 

The compositio!is a!id strength proi)erties of typical steels recom 
inea<led for cold pressing purjx)ses are given in Table 59 the various 
purposi*s for which such steels are suitable are also indicated. 

Automobile Sheet Steels 

Sheet sU‘eIs are now wid(*ly employed in the automobile industry 
lor body pantos, dashboards, and ])ressed sheet metal parts. 

Most of the steel used by motor bodv builders is mild Siemens^ 
Martin she<‘t steel, protected again.st oxidation w^ith a coating ol 
of uon-ru.sting nu^tal or s|H‘eially y)repared for subsequent protection 
by y»aint nr enamel. The (pialities supj)lied,t in descending order of 
cost, are — 

1. Tinmd Shaia {HuMlenH). These are mild steel sheets coated 
with pure tin by a sjXM'ial ]>rocess, leaving them with a smooth bright 
surface. They are used both for body panels and y)etr()l tanks. In tin* 
latter resjs'ct, owing t<» tin* use of <loyK*d }K.‘trols or Ixuizole mixtures, a 
heavily tinned sheet f(»r |M*trol tanks is advisable. 

2. Tifi’itrne Sliutf< These are mild steel sheets coated 

with an alloy i»f tin and lead. 'Fhey an* ust‘d chiefly for bodywork, 
bonnets, and wings. sjH*cial 'copiH'r-soft quality is made lor 
beating aiul stamping. 

3. Ijad-CiMitfd Shifts (Husth^ss). In this case the mild ste(‘l sheet. > 
are coate<l with ]mre Iea<l, with a small tin content. They require no 
'‘rubbing down" or ’filling" lK*fore painting. A s|K*cial “c()p}>er-soft " 
<iuality is made as in No. 2. 

4. Mild Sivvl Sh(‘.iis {T ncisttid). These are of Siemens-Martin mild 
steel, but are not coated with any protecting metal. They art* supplied 
in fotir grades suitable for nudor panels and subsetpient painting, as 
follows : (a) Best bright silver-finish steel sheets hydraulically flattened 
anti resheared. The smooth surface renders these particularly applic- 
able for pre.ss work, (h) S|H*cially pickled (\K.(\A. steel sheets, copper- 
.soft quality for iK'ating and stamping. These have a whitish finish 
over the wntre of the sluxd, and a narrow’ margin of blue anneal 
round the sides, (r) Stwl sheets C.R.C.A. hydraulically flattened, 
resheannl, and resquaml, dead-fiat finished dark blue wlour. (d) 
Steel shet'ts (Ml.(\A., cop|x*r-sofU quality, annealed. 

* Park Gato Iron & 8toel Co. Ltd. 
t MoMsrs. BaUiw'iu Ltd., Swansea. 
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Special Turned Sheets 

Tho lK*Ht tinned st(‘el plates are made fnim Siemens-Martin open 
hearth soft st(tl bars T}ie\ ate well (leaned and pickled preparaton 
to (oatirjji vMth Un Thev are then coated with pure refined tin bv^ t 
H|)eeial pro(<*ss in\olvin^, dunn^' the prcliminarv stages of coating, the 
leav mg of the j>Iat<*s to soak for some time in su( ( essive baths of m()It< n 
tin No flux H used at an\ time duiing the tinning process but puu 
palm oil is < mplo\(‘d to pnvent oxidation of th(‘ surface's Although 
mon (ostiv than the oidmarv rne^lhods the rc'sults are superior then 
1 m mg a solid eoating of tin spread oxer the oxidi/able ste'cl, a leal 
ainalganiation of the tin and steel being obt.iincd The deposit eif tin 
b\ this mcthoel is tiom tv\o to six time's greMte'i than with oidinars 
V\ e Ish t m plate s 

Iron-cored Steel 

For ce*rt.iin engineering <inel ineliistihil appiieatioiis it is an adxan 
tage* to e mplox i unnpeisite initeind consist mg of ti wrought iron 

mteneir uid <i steel (‘Xteneir thus 
obtiiinnig the ductilitx and tibrous 
toughness of the loiiner with the 
tensile stHngth«md we*aiing proper 
tie sot the latter Ste el loel and w ne 
Ihixe* lie e n made w it h non hbres com 
l)in(‘el with mild stenl as shown in 
Fig l(t*> The iron ind stc'cl rod 
comjeosite bleak useei lor this pur 
|M)sc Is heateeJ te) a linght red heat 
and lolled elown to the si/e reepuresl 
I^umnate'd steel and iron is some - 
times list'd in the ie^rni of rods foi 
parts sul)jee t to \ ibration and shoe k 
eg (xliruieT studs, pi!>ton rods 
draw bars tou])Iing links axle's 
ehums etc 

laiimnate'd stcK*! plate of tlie 
t\ jH's sliown m Figs 1 U) and 111 is emploxe'd foi the {ilatc's of safes 
the laminations eonsistmg ot hard stes'l and soft ste'cl re's))('e tixelx 

Fig 11(1 8he>ws a tne plx sti'cl lemtaining thrc'e laxeis of iron oi 
extreiiicK sott ste*e'l with two oute*r laxe'rs ot hard stead sue h as e»hro- 
mium steel The' latter when harde'iuai in water fre>m 770 ( is inifH'r- 
xious tei high |M)\\ere*d elrillmg The soft material clogs the drill whilst 
the hard stes'l sphnte*rs (»r dulls the eutting edge 
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Fij^. Ill shows ii laminated sUvl consisting of haixl ami soft sltHd, 
known as Tunier's Safe JMato. After hanleiiing at 8(K) (‘. it lnu< an 
ini jx'iiet ruble face that ^Mll resist the most deiermiiusl attempts at 
drilling Both the platen illustrated are 

supplitHl in a condition easy to work ~i 1 ^ i. 

up. hardening Ixung done* afterwards. 1 1 | I 


Composite Die Steels 1 1 1 | 

(’oiujxKsite steels are oft4*n used for I !> , ? 

making press tooN. simr it is thus f i ^ 

jKiHsible to use a steel capahk* <»f fakim; i 

a eonsidtTahly great t*r (h‘gn‘e i»f hard- . \ f ^ 

ness in tlie composite form than \\<»nld ;; ! 

Ih* desirable or practicable in a s«»hd :J j,,, ‘ S' 

Ht(*el. Improv(‘d results an* thus oh- ^ jyC a ^ [I 

tained and tools t)f this metal ^ive S U: 

ajipreciubly long(*r life and ser\ i(*e ? /; t\ ^ 

Hearing in mind the heaw initial cost . ^ ^ ' /h- 

of most ]»ress tools, this extra life repre- '0 ^ ^ 

stMits a d<‘tinite ecoiKuny. Furtln'r, th<‘ ^ ' s 

soft luo'king of th(‘ hard<‘ned ste(‘i acts >, ^ ^ ,, v 

to some extent as a cushion when the ' '• ^ ijip ; 

di<‘ is in us(\ thus preventing bn*akages I . ^ 

After liardiaiing, a tool which may 

have “moved '* slightly can Im* muchuitrl ^ | ff, 

fiat on thf soft under, soft in a fra(‘tion ol f t ^ | 

the time ne<*d(‘d to grind a hardened ^ ' ^ ^ | 

liomogeneous die steel. J' | ^ ^ 

In certain circumstam<*s such a.s ^ f;/ 
with intri<‘ate dies in whi(*h high output ^ ' 

Is nmuircnl and the material to 1 h*w'oi kef I lio Kn., Ill 

Is very thin and nne limits must he Lwns Lamina'iko 

adhered to, a .sohd sted will give tie* Sickc Flaii Hah in.ATh 
most satisfactory results. 

A nuinlxT of composite steels, known as the* Kcliptie,^ are, 
now available for die-making pur|M)st‘H. Typical products im'ludf* : 
(I) A combined iron and .straight carlKin crucihle ht4*el suitable for 
hardening in water, this matfTial Ixing recommended for all straight- 
forward press tool work. (2) A (*oinf>osit4‘ iron and erm-ible alloy water- 
quenching stetd. the latter Indrig a tungsUui-ehroine alloy, this 
gives greater hardness and toughness than the steel (!) (3) A 

♦ J. Will Ltii.. sht-mcid. 
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(Tiicible oil-hardening' conifKwite steel of considerable toughnchs ai. { 
long life. 

(VjinjKwite steels are also made for other purposes where a sofr* 
Ix^dy or shank combined witli a proportion of hard alloy or carbu' 
steel, laid in almost any po>ition, is required, either for cutting edii< ' 
or wearing surfaces. 

TeZ/or fStfrI. (Vlfor* is the name applied to a special compoMt* 
Hte(*l having a soft con* and outer case of 1*0 jKjr cent carbon coiiteii* 






Kh. Ill* ( 'i M Mi{ Si I M. ( o n»i. Hi sjf 


which, when heattsi to the appropriate hardening t(‘in|)t‘raturc and 
queneht'd in water or brine, gives iui extremely hard case, whilst 
ndaining a tough core. It gives ei|uivali‘nt nsults to those obtained 
by eas«'-hardening carbon stecLs, hut with a greater dejith of hardeiusl 
layer. The steel in <pu‘stion is recoiumende<l for tools subject to severe 
abrasion and deformation, such as jastons, rods, sleeves, and bushc^ 
for pneumatic tools, gudg(*on pins, small rolls, |H*stles and mortars, 
dies, etc. 

Two-ply Stainless Steel 

This sttH*l is made from a com]H>site ingot, the surface of the stainless 
sUm?I part of the ingot having Ik*!*!! |M>lish(*d Indore the mild steel is 
applied. The ingot is then rolled down intt) sheets of the desired 
thickness ; in this connection the relative thieknesses of the two metals 
can be varuMl to vsuit the purjMjses for which .the final prcnluct is required. 

The stainless steel provides adequate corrosion, heat, and abrasion 
protection to the mild steel lienealh and for this reason it should be 
used as a continuous sh(*ot and not for applications requiring piercing 
the metal, as in screens or grills. 

* Sanderson lU'tw A Newhuuld Lid., vSIu'ffieJd. 
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The prinoipftl advanta^^' of this composite stwl is that whilst 
giving a<lequate strt'ngth projKTt ies (‘oinhino<J with a high dcgn^^ of 
(‘orroHion-reaistaiKv. it is at least otl |H‘r cent cheafH'r than the solid 
stainless sU^el. Its ])otential applications include use tor tanks, vata, 
kettles, and digesters in chemical pnH't'sses.aml in the mining, processing, 
fo<Kl. and metal-working industries. 

The material <*an Is' dt‘<‘p-dra\Mi. stam|HHi. formed, and wcldtsi, 
and it offers advantages in the form of j»ipes. bars, and other shajxM 
as well as in tin* sheet form deserihed 

Nickel-clad Steel Plates 

Nickel rolh'd oti stt*cl, in the form of nick«‘l-coat(Mi strip and shiTt 
now availahl(> for industrial purpos('s. has ;dl tlu‘ corrosion-resisting 
pro|>t*rties of <*omm<'r('i<d hot-rolled sht‘t‘t ni(‘kc‘l 'Ph ’ h’ktd is tirnily 
hondevl to the ste(‘I and I lie roinpositc* plate* is h that u can la* 
treate<l as a solid steel plate for fa hrn at ion purposes. As manufactured 
the ni<‘kel surfai*e is ro\cn‘d l)\ «i thin, strontdy adhi‘rcnt and glossy 
(»xide tilm. dark oliV(*d>ro\ui m eolour. uhn h has <‘xcell<*nt corrosimi- 
resistance (iuahti<‘s, if d(*-,ired the fiini ean Im* r<*mov(*d and a bright 
snrfa(e (*xposcd. 'Phi* thleknc'^s of the ni* kel ean Im* varnsl at will 
to suit re(piircnH‘nts tlic most uidcl\ usisl van*‘l\ is a plate, Jin. 
thick, with Id |>cr (‘cnt lhiekn(‘ss of nieki*! (»n one side. 

Typieal a]»plications of niekel-elad steel plates inelmle tanks, 
kettles, containers, etc . for usi* in the soap, dye, celluloHe, fdastie, 
laundry, varnish, and t(*o«Ktun indusirits d’he first eommereial 
c<|uipmc‘nt made was an stHMi-g.allon tank rai!w,i\ ear for t rans|>orting 
liejuid caustic soda. 

Nickel-coated Strip 

The thinner materials, known as nH*k< l-i'oat»*d steel .sheet and striji, 
<’onsist of shet't or .striji steel <-overed h\ a thin !a\er of malk'uhle 
nickel. lH>th m<*tal.s Isdiig tiriidy hondf*d together o\<r their enfin* 
surface of c(aitaet. In their jinMiuetion a eom|M»site slab is iihchI, 
eon.sisting of a nickel jilate and a steel plate suitably held together. 
This com|K)site slab is healed to the requin*cl t<‘m|K*rature and then 
hot roll(‘d to obtain the n<*ees.siiry l#on<l. 'Phe final redu<‘ing ojKTationfi 
are done by cold rolling, and the finishes obtained are tlioa^* of cold- 
rolled nickel and eokl-rfiiied steed, namely, bright and smooth. 

The nickel coating may be either on one side of the stetd or on lioth 
sides, while the thickness of the niekel may Ik* arranged to suit the 
service conditions under which the material is Ik* used. 
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Thi‘ tntili('abl(> nicke' ('dating is non-toxic, corrosion-resisting, hard 
wearing, and capable of taking a very high polish. These property - 
liavc led to the use of the nickel-coated materials for such application^ 
as chocolate moulds, trays, parts of electric heating and cookiii. 
aj)paralus. [K)lishing plates for celluloid, sandwich boxes, part.s ot 
miners’ electric safety lamps, and many .similar purposes. 



('HAm:H M 

SPECIAL ALLOY STEELS 

In aciditioii to tlio alloy iiKMitioiu^d in tia* pn‘vii»U'^ chapttT 

un‘ sleoly (*r LToups «»f st<*<‘ls ha\iiii; mi)>t)rtant sfHaaal a|»pli<‘H. 

tioiis in (‘ntfinopriim and in<iu>trv TIiom* ihai arr dr.ilt with in tho 
present stH'tion inelnde the follow in^ (I ) Stainless or Host om^ Aeid- 
re.sistiii^ Steels; (2) flc^at-n^siMintr SteeK {:*) Maniiaoe e Steels. 
(I) Higli-'JfMHMl Tool anrl Die Ste<‘K (o) Spring" Sn-eD (h) \‘ahe 
Steels. 

I. Stainless Steels 

'Da* original rust- and a< al-n -'iNt niir steel 41 h< (i\ , i’(Mi In Itrearlev, 
of the Brown-Firth DilmratorN >'la‘the!d. was a ii.iih-ehioniMiin st4M*l 
of tla* foliowinjjf approMinati* iwnuaita^e eoinposiiion ( '. 0 24 Mn. 

(’r, l‘Dl, F<‘, >t) 4ti It was pr(Khiei*fl in lla* elertrii’ ar*’ riirnu(*e 
and eouM In* rolle<i ftn’i/ed and laMt-tn*a1ed 

The <i\(‘raLa‘ meehanaal profwrlies of sniall hais oil h.inleiied at 
*.♦♦»() (’. and 1ein|HTed at TtKt (’ wire as fojUiws fensile strength, 
4K tons |H‘r s<| in > a id p<nni Jtft tons |m i s4j m <'lon^alion on 
2 in. ' 0 otU in test pi(‘e( 2r» |K'r eent lednetani of -irea (>3 |mt 
eent , and Jzod iinpa< t \ahi<‘ .M» ft Ih 

This stet'l. in t he la‘af -t re.ited < oialit ion was found to ha \ e marked 
resistaiK’c to corrosion h\ the afinosph<*re .m<l a ianji;e td acids and 
alkaline solutions, and w«is therefore einplo\ed for such piir|>os<‘s as 
outlerv, sury:i<*al find <lent*d nistiunienfs. small f*m,nneenn^ and 
eh(*mieal fitting's, et e, lnthef*arl\ M.ijjesof t heir di N eiopin«‘nt stainlf^ss 
steels w'ere us<‘d for a eoniparativel> small nninher of .ippln at ions, for 
the dimensions of the parts whi<h ei/idd hi* last or f.ihrieated w<*re 
limited. Sinee this jxTioil. however, there has lM*en a eonsiderahle 
amount of investipition work resulting' in tin* diHeo\erv of many 
different kinds of ei^rrn.sion-re.sistini' ste<*Is. so th.it it is now {Mmsihle 
to obtain su(*h st(H*ls in jiraetieally ever\ form in w hu h l arUm steels 
are available. It is eharaeteristii* of these steels tleit they all eontain 
a ehroniinm eontent of over 12 js'r <ent An iflea of the preH<*nt wide 
raiifre of these steels can Ik* obtained from the fact that the pioneer 
firm responsilde for the development of rust- aiifl a eid -resist mg hWIh 
lists al)oul a dozen diffen'iit stainIt*.Hs stfM*is and irons having termile 
strengths in the heat-treated eondition of lit) to over Iffff tons pc*r aq. 
in. and Brinell hardnesst's of I4ff to 550. 

‘>41 
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daasification of Stainless Steels 

Tho commercial Ktainless nteels and irons can he classified broadh 
into two groups, namely, the marienHitie and austenitic ones. Th(» 
first ^roijp includes the following corrosion-resisting steels — 

A. Plain chromium steels containing 12 to 20 per cent chromium, 
with varying carbon content up to 0-80 per cent. 

H. High-chromiurn low -nickel steels with 16to2() |)er cent chromium. 
2 |H*r cent nickel, ami varying <‘arbon content from 0*1 to 0-2 per cent . 

1’he se(*oml group includes — 

i). AuMteuiitic chromi\im-nickel steels with or w’ithout additions of 
sjecini elements such as tungsten, titanium, molybdenum, and copiXT. 

Th(‘ me(‘hanical projMTties of these steels’*' are given in Table 
Pigs. I 111 and I14 illustrate the mierostructure of stainless steel in the 
h.irdem‘(l conditions. 

In regard k) tin* steels in groups A and B, these can be hardened 
hy heat-tr(‘atmeMt, as the results given in Table (10 show, a nd they ar e 
imifmtic 'fhe steels in group (’ inelude the high-nickel ones, known 
as 18^8, containing IS ]K‘r c'cnt (‘hroiniiini and 8 per cent nickel with 
small additions of H])ecial (dements Th(‘se steels cuunot he hfirtUned 
by h<*at -treatment and ar<‘ tum-mmjmtic in the soft condition. Similarlv, 
tlie 12 12 non-corrosi\e st<»<ds, containing about 12 ])er cent each (d 
chromintu and nickel, o(nttot hi hardened and ajc* uon-rnag net ia. 

In regard to tlu' ordcT of corrosion-resistance, the steels in grouj) (' 
an‘ the Ix'st, with thos(> in group B next and group A last. 

Physical Properties of Stainless Steels 

Th<' sptrifir (jranties of th(' steels in the groups A, B, and (^iverage 
7*74, 7-70. and 7d»(» r(‘s|»eetively There is. however, a range of variation 
in the sfH'cifie graviti(‘s of the .nfcMds in group i\ namely, from 7-90 to 
8 l(h according to their coin jM>sit ion. 

'Fhc' nMjJicienh'i nf hmar e.rj)amion from 20"' to KK)'' (\ average, 
for the thnv groups A, B, and (\ 107 \ 10 ^ 104 v 10 and 170 / 
10 \ As the <*oeflici(‘ntdbr ordinary steel is about 105 to 115 - 10 ', 
it will 1 h' observed that whilst the martensitic stainless steels have 
about the same (Expansion ecH'tticient, the austenitic steels in g roup (J 
--to which tlie well-known **8ta vbrite ’ steel bt'longs — have about 
50 pir cent gnater This is an imfxirtant item in eonnoidion 

with the welding of stieh stetds and their use at* temperatures above 
atmospheric ii\ conjunction with onlinary steels where differences of 
ex[^Minsion may have im|x>rtant effects. 

♦ Hast- and Acid-nv^iiKtiiig 8t4M*l8. ' Dr. W. H, Hatfield, F.R.S., Pror. 

ChefH. Png. Congress of World Power Conference, 1936. 
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The ihertml condnHhities for groups A, B. and C average, resjKM r. 
ively, <) ()4«, and (K>32 CXJ.S. units. From the latter ro^u i 

it will lx* that the thermal conductivity of group C steel is appret 
ably lf)wt‘r tfian for the other, and also ordinary steels. 



Kh. 11.-) 


The n‘s|M'etn(‘ (i\erage tUctricfil n sistiriti* s for the thrt‘e groups of 
st(‘els an*, oo. 72, and 72 inierohrns |ht e.e. It should 1m» nientione<l 
that the last two steels given in uroup (\ Table bt), have inueh highci 
resistivities than the other si\ si(*els in this group, the values Indiig 
OS and S2 respeet ively. 

The ruiiximum p* rnudhilitH 'i for the first three st(‘els in group A 
are 500, bob. and 7r) ('(iS units res}H*etuely ; ami for the steel in 
group K. 21b. The' values for the steels in group V (non-inagnetie) 
average l-bbo to I fK'i (Mi S units for the first six. The last but one 
steel is slight 1\ nuignetie (H H. ' 3500 for lob) and the last steel has 
a niaxiinuin jHTimMbility value of 4 to lb (’.(i.S. units. 

Heat-treatment and Mechanical Properties 

It is not [K)ssibh‘ in the sjxiee available to deal with eaeh of the 
better-known and more widely used .stainless steels, so that three 
tppical only ean l>e eonsidereti, from the three groups previously 
refemnl to. 




TABLK 

('LASSIKU ATION and PrDiPKKTIKS OF ('oRROSIoN-KESlSTIM; StKKLS (HaTFIEI.D) 



0 25 20 0 : OO : i ;i - Fully . 20 45 30 | 55 | J3 000 
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The first of these* is the steel conforming to the BjSJ, Specification 
S.(i2, for rorrosion-rfsisting steel of 46 to 62 tons per sq. in. and 207 
to 235 Brin(‘ll hardru^ss in the fully tempered or softer condition. 

The following is the standard specification percentage analysis of 
the steel in question : C. 015 to 0*35 ; Si, 0-50 (max.) ; Ni, 1*0 (max.) ; 
(V, 12 0 (min.). Tlu* steel is supplied in the form of bars and forgings. 

A typical steel of this class, which is kno\Mi as the rnedi urn-tensile 
rustless one, when oil-quenched at 960 (’. and temtiered at 7(K) t(» 
75t) ' (\ giv(‘s a yield point of 25 to 40 tons j)er sq. in. ; tensile strength 
of 4t) to 55 tons |mt s(j. in. , elongation of 30 to 20 per cent ; and Brinell 
hardness of 20<t to 240. 

Th(* (‘fleet of tem}K*ring this steel, after oil-hard('ning at tKiO’C., 
at ditf(‘rent t<‘m|H*ring t(‘in|K‘ratures is shown in tlie following table 

TABLK 61 

HkAT-TKI:.\TMK.NT and l^tOPKItTIKS OK Mkou m-tensilk 
Stmnlk.ss Steel 



Yi.'ld 

Ma\ 

Klonga* 

' 1 

Brinell 


r<iii . |M I 
III 

1 Kill 

t Iinpa<‘t 

Hard ness 

1 

in 

]H‘r « nnt 

1 tf -Ih. 

! 

Xiunber 

r>uo 

1M) 7 

OH 2 

i:. 

12 

4:to 

.“irs » 

7J S 

70 7 

17 

20 

:m 

(»0U 

.*.1 t 

()0 

20 

27 

277 


t:i:i 


lil? 

or> 

2:jr> 

700 

ti :t 

to 1 

20 

00 

22:t 

7r»o 

;{(i 0 

t:. 0 

:to 

so 

! 

202 

From these results it 

will be 

ob.s(‘rv(‘d that a ma.vimum tensile 

strength of m 

‘arly BKf tons {ht sq. 

in., w ith a 

Brinell hardne 

ss of 4.’I0, 


is obt aim'd in the litrhtl\ teni|H*red condition 

When this grade of sti*(‘l is einplovi'd for rutting instrumf nts, (‘.g. 
cutlerN, surgical ami <f('ntal instruments, it is oil-cjuenched at 950 (’. 
and tem|H'red at about ISt) i\ A typical steel, namely. Firth s F.H. 
cutlery grad(‘, in thin sections gives a maxiimim tensile strength of 
lOS tons ]K'r s(j. in. and Brinell hardness of 534. 

The sh(tfr strtss at yiiUl point for the steel (O.H., 960 , T., 700 (\) 
is 26 tons ]H‘r sq. in The maximum shear stress is 33 tons ptT sq. in. 
and the numlH'r id degnM's t»f twi.st on ^ in. diameter 1 J in. parallel 
shaft is 478. 

The eom\s|)onding tensile strength of the steel in the alK>ve con- 
dition is 49 tons per sq. in. 
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Thp Jatique limit, for 10 million i*eversals of htn\ss without breaking, 
is 22 tons per sq. in. 

The modtdtts of elmdcity is 13,700 tons jx'r sq. in. 

The second typic/d steel selected is one eonfonning to the B,SJ. 
Specification^ S. SO for aircraft materUd, It has the following jK*r<vntage 
eomj)osition : C, 0*25 (max.) ; Si, 0-50 (ma\ ): Mn, 1*0 (max.) ; Ni, 
10 (min.); CV, 16*0 to 200, ami a tensile strength ot 50 to (H) tons 
])t*r sq. in., with a minimum elongation of 15 |H‘r cent ami IzcmI value 
of 25 ft. -lb (min.). 

It has a corrosion resistance which a})proa(*h(*s that of th(‘ austen- 
itic steels in group and can easiK be ina(‘hine<l It is also ciuiraeler- 
ized by its resistance to ihctrolytic corrosion wh(‘n m contact with 
other dissimilar inateriaLs such as brasse.s and graphitt* t)ackiMgs. This 
steel is used for highly stres.sed aircraft and giuieral (‘ngimsTing fittings 
and for stressed rods and shafts subjected to cor >‘dve attack. The 
effect of temjKTing this steel at different tenrH‘ratun*s after oil- 
hardening at OoO"^ (\ !.n shown in Table 02 

TAUI.K 02 

HE4T-TKK \TMKNT \N1> I^KOPERTIES OF ‘ ShO ’ StUNLKSS 

Steel (h^rKTii s) 

I 

I {in. dm. Har. 0.11 !tr.O C. 22 S.W.O. Slnp, \.H. C. 


j'l 

r <’ T 

.'i.'iO C 

T 7:»0 (' 1 

' L^»n (’ T 

.ViU (’ 1 

’ ar»o 

! 

Vm* 1<1 point, ^ 1 

tons|M*rs<^ 111 
.Max. stiVhs, 

."is 

iU 

12 

a:i 

1 

.^7 I 

38 

toiKS pcFhq. in 

lib 



7n 

(iti i 

ftO 

K ton gallon. 

1 

1 

I 


.0 j 

12 

ptT cent 1 

Red. of aroa, 
per cpnt 

Hnncll hani- 

IS ' 

411 

22 

1 

2.'> 

i i 

i r»2 1 

11 ' 

nesH number | 

302 

1 

2.->."» 

241 j 

_ _ _ 1 

;t2l 

302 I 

2211 


The shear stress at yield point (O.H., 050 , T , 550 (’.) is 2H-4 tons 
|)er sq. in. and the maximum shear stress 35-7 tons per sq. in. The 
degrees twist on ^ in. diameter > IJ in. parallel shaft was 4tf)0. 

The fatigue strength of the .steel, heat-treated as mentioiieHl above, 
for 10 million stress reversals without fracture was 24 tons [ler sq. in. 

The modulus of elasticity was 13,700 tons per s(j. in. 
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Tho Mperific gravity of tliis steel is 7*70. 

TAfi Umt typical Meet to 1 k‘ dealt ^ith here is the nvstenitic am. 
known as Stayhritr. This is made in different qualities for various 
|>urjK)8<‘s, such as plant and vessels made hv welding, domestic ware. 
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decorative pur]H)ses, deep-draw inu. cluunical plant, etc. Tlie general- 
purpose steel known us FST is |MThaps the most widely used and 
so will he I'onsidered here. 

This steel contains IS jkt cent ot chromium and S |K*r cent of nickel 
and has a tensile strength of 37 to do tons per s(| in in the normal 
heat-treated condition, with a minimum yield point of lo tons |>er 
sq. in., elongation of ttt) to 40 {kt cent, and Bnnell hardness of ItK) 
to 180. 

Although this stt'cl cannot Ik* hardened by heat -treatment, it can 
hardened by cold working, as the results given in Table 03 show. 
The yield point and maj;ifnnm shtar of Staybrite steel in 

the normal coiuiition, i‘orrt*s ponding to a tensil(‘ strength of 37 to 45 
tons iH'r sq. in., are 0*5 and 39*0 tons sq. in., with 4(K) twist on 
I in. diameter v IJ in. parallel shaft. 

T\w fatigue strength in the same <*ondition for 10 million reversals 
of stress without breakiiiu: is 17 tons |>er sq. in. 
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TABLE 63 

Kkfe<t of (’old Workino on Stavbritk Steel Phopkrtiks 

20 S.VV.iJ. Shot t 10 S.UML VViiv 

I (\)I(I HuHed (I) (J«»!d KoIUhI (2) tol<l Drawn 

^ fMant, toiiH per 
rtq. in, . . . 52 

Max. tons per ^ 

sq. in. . . . 5H 

Kloiigation, per eeiit . ' .‘10 

( iaugo lengtli . . | 2 in 

The madalns of eiastiriti/ is I2,9(M> ions fier stp in ^soBcirkI) ami 
1 l,(KHJ to 12, IKK) tons |)(‘r sq in. in the <*olfi -rolled or diawn condition. 

The specif gravity is 7*93. or 494 Ih. (ht l u. ft. 

The thermal condiu'tuity at 20 uml 100 (’. is 0*0.36 and 0*039 
units resjK‘ctiveIy. 

Thi* coeJJici( nt of litaar ( xpaasiun from 20 to 100 (’. is 170 10 *. 

The electrical ri^'istirify at 20 and 100 (’ is 72 and 7H tnierohins 
per e.c. res]Kvtively. 

Applications of Stainless Steel 

Although some information IniN alreaily lK*t*n giv(‘n on this subject, 
the following summary of topical applications may Im* found useful 
for n^ference ])iirposeH - 

Mediumdemsile nosthfis ntuls ((iroup A), supplied as forgings, ilrop 
stampings, bar, sections, wire, .strip, sheet, ami castings, aic employ<*d 
for steam, hydraulic, and oil-refinery pump and valve comjxinenls ; 
highly stressed turbine leading: high jin*Hsure st<*am valves and 
seatings; hydraulic pump barrels, rams, and valv(‘s. stresstHl bar 
aircraft fittings, nuts and bolts, dies for moulding rublM‘r and 
synthetic materials, e.g. bakelite, and general engineering lietails, 
subject to corrosive attack. 

The rued i u m • ca rb on £jdler^ grade Firth’s F.H., is employed for 
cutlery, surgical instruments; (iental instruments: ba<*on slicing and 
other knives used in the manipulation of fiKKlstuff's : various edge 
tools ; hardened rolls, springs, and instrument det^iils : ball-bearings, 
bail- and roller- bearing races (a special grade of stainless steel is used 
for these bearing parts). 

High-chromium low-nickel stainless steel (Group B). This steel is 


(ill 

k:i 115 

t\ a 

2 tn I 111 
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sappliesl as forgings, drop stampingB, bar, sections, sheet, strip, win 
and castings, to various specifications, including B.S.I. and D.T 1 > 



Kl(. 117 . MaX 1 LVK\ SlAlNLhS 8 SjhhI. i'ASTINUh AND (jLANDS. DlS< 
Valvi:, Half ('’olla-Hh and Ni rs 

<KIH.4R VlIRN, I n> ) 

OUCH It is oinplo\od for am raft and automobile jmmp spindles 
puinj) parts f(»r chemical plant, motor-boat pro}K‘ller shafts: highly 
stressed bolts, nuts, and seaplane fittings In general this steel is used 



Fio. US. Waikk Ti RUiNi. Imfilsk W hkcl in Siaivless Stkei 

for more highly stresstnl parts requiring a slightly greater resistance 
to t'orroaion than the stot'ls })reviously given. 

Atisienitir chromturn’mckel Meeh ((troup C). As these possess the 
greatest resistance to corrosive attai^k, combined with good tensile 
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'strength properties, they have a w uie field of application in t he eheiuieal 
and other industries. 

The Staybrite F.S.T. i^rade* pn*vii)usly nuMitioiu^d is available in 
various forms, and is re<'oininende«l for ail ty|M‘s of <‘ht‘mi<‘al plant, 
storage ami transport tanks for tlu' <h<‘miial indusir\. d.iiries, brew- 
eries. ete, : for vats and racks in the dyeing industr\ ; ship's fittings; 



Km.. ll!J. DoMi.Mh \N!> (‘\i{ Kiitinj.n in Si xNauriK Stcim. 


an-hitect ural purposes and internal <le«*<>rat iorj . mirrors and retli*ctors; 
road studs: domestic hanhNan* and ornamental arti<‘l<*s. 

T}i(T(‘ is a s|H*cial j^rade of this aiistenilie ^roup, suitahl(‘ for deep- 
«lra>\injx pur])oses for hollo^^ -ware and \es.s(*ls for domc\stic and 
de(*(>rative purpos<‘s. .\nother erad<‘ <>f In^deeliromium hi^h-ni<‘kel 
st(*el is inadt* sp<‘eiall\ tor chemical plant of N\(*lded construction and 
for ain‘raft >\el<l(‘d fittin;:fs vs hen* it is ne‘ <*hsary to c/a/i/e// fnirtn wielded 
toiff'thf r irithnut (/fu nt h< at-tn attnt tit ddiis st4*c*l of which Sf/ay- 
hrite F.D.P. is a eood e.xarnple can also he ustsl for certain high 
tefnprraturi plaui as it re^'ists .sealing up to about K(Ht 

Improving Machinability of Austenitic Steels 

The stainless nickel-<*hromium st<*elh of the 18 S elas.s are diflieidt 
to machine, owin^ to their somewhat nunarkable de^n^e of work- 
hardening. 

The effect of the pressun* of the cutting ed^e of a tool ujMUt thene 
steels is to increase the surface hardness to such an extent that (jutting 
becoines increasingly difficult or the to(d breaks dow’n. 

9-<T.5303> 
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By raising the sulphur content of the steel the metal becomes soft#‘i 
and more readily machinable, but at the expense of a loss in tensilf 
strength and reduml corrosion resistance. The austenitic steels of th’^ 
class may, however, be rendered much more machinable, withom 
affecting their corrosion resistance and without any ai)preciablt 



120. KxAMFLKS of rilKMK’AL VaL\I: (*\STlN<.s IN FliniT'^ Si VTVTFSS 

Stkkl 

rtniuction in strength, by the addition of a small }HTcentage of selenium. 
Such steels have imixirtant possibilities for parts such as nuts, bolts, 
pins, and similar mackined parts. For these ]>urposes selenium-content 
stainless steels are supplied in bar form. 

Corrosion Resistanqe of Staybrite Steel 

Staybrite itself, in the |R)li.she<l state, coiujiletely resists atmo- 
spheric attack and is unaffecUHl by marine conditions. It has a vvide 
application range in the chemical industry ami is resistant to a large 
numl)er of chemical liquids, including the following acids: a(*etic, 
carbolic, Ixmzoic, lH>ric, citric, formic, lactic, malic, nitric, oxalic, 
phosphoric, “mixed'’ acids, picric, pyrogallie, stearic, sulphurous and 
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tartaric. It is attacked by hydrochloric, hxdroHuoric, and sulphuric 
acids, and bromine, carbon tetrachloride, (‘opjH'r (‘hloride, ferric 
chloride, and stannous (‘hloride. It is. however, toiallx unairect^Hl by 
}K‘trol, benzole, parallin, sea-wat(*r, act‘tone, fruit juivt^s, vinegar, 
salt, photographic develo|>ers. and a wry large nuinlMn* of chcinic'al 
salt solutions; the makers publish a compreh(‘nsivt* list of the latter. 

Aircraft Applications of Stainless Steels 

Although emplouMl as long airo as 1JI20 tor aircraft sfru Mire 
parts, stainless st(‘el was not more gen(‘rally adopted until abort liKHh 



Kn. 121 \iicu\hi W IN<. iKoM Imk'ih NuhiHs' Si\Ni{i(nr 

Si 1. 1 I 

To-day, extensive use is made of staird(‘ss st(*(*lM in aircraft const rut‘- 
tion, notably for airframes and fittings exposed to atinospluTic and 
sea* water corrosive action* 

The .steels (*inployed for airframes, tubular members, such as fuse- 
lage longerons, and tail spars, undercarriage* struts, (‘te , include thewo 
coming within the 12 ]K*r cent (hroinium .stec*! group .\,* and also the 
stainless iron class referred to laUT in this section. Tlic tula's employed 
tor aircTaft jmrposes range* in tensile stnuigtli from about HU to 50 tons 
JKT sq. in. The grouj> A .steels u.sed for plab* fittings, in the* form of 
.sheets, inclueie the 0*3 jK*r (*ent e*arlK>n, 13 f)e*r e*ent e hreunium steels, 
of whie-h Firth's F.<T is a typical example. This .steel is subject to air- 
hardening after welding anel eertain })reeaufions are* ne‘(*e.SHary to 
avoid cracking; he‘at -treatment after welding is (*sMe*ntial. 

The group B (2 ])er cent nie*kel, 20 ])<*r cent ehreunium) stee^ls, of 
whi(*h S.80 steel is typical, are us(*d (‘Xten.sively for stampings and 

♦ Vide page 242 
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in bar form for mai*hint'(l fittings for aircraft such as sockets, fork eii 
an<l Ink* plug cmis, eyebolts, uing roots, wing fixing lugs, und. 
<’arriagc and engiiH‘ mountings, turn buckles, levers, nuts, bolts, stiai 
and similar parts subject to high stress conditions. This steel, Mitli 
minimum t(‘n'<il(‘ stnuigtli of 55 tons |)er s<j. in., is readily maehinalt!. 
but weldinc is not g(‘n<*ra]ly re corn mended. 



I’U.. SrMNI.Ks>J luos. - .‘iuu 


Staiidess stt*el strip an<I sb(‘(*t is widely used for low-stressed 
fittings. 'riu‘sc include st(*#‘l to fla* specification D.T.U. 171 A for tlu' 
softtMicd condition steel used for plate fittings, seaplane Hoat and 
llMng-b<»at hull co\crinc. mono<-o(|u<‘ fuselagtMind wing plating: in the 
<‘old-rollcd condition steel to the D.T.l). specification IfifiA is em- 
ployed tor wine and tail spar, rib and .strut construction, for junction 
}>lat<‘s, wiring lugs, etc. 

In regard to aircraft cmjinis, stainless steels are used for such 
items as ])ump spindles in li(jiud-c(H)le<l engines and control levers and 
hhIs of diffcn’ut types. A notable a]>plication of Staybrit<? F.D.P. 
steel is for exhaust manifolds and pi|H's in j)hu‘e of mild st^^el. 

Stainless Irons 

'Fhese include the high-chromium low-earl)on metals containing 
up to t) l5 |HT mit of carbon and almut 13 |kt mit of chromium, having 
a teusilt* sirtmgth of 3(f to -Uf tons |K^r s(j. in. ami a higher ductility 
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than th(^ higher carbon ty|X' of stainless steel: mIm) |a>sses8 a 

rather greater resistance to corrosion attack. 

iStainlesa iron is empiovecl for turbine blading and for lightly 
slressc'd parts in the form of stainpifigs. forgings, bar, plato. slrij), aiui 
tnlM*s in aircraft construction: also for golf-club heads 

The stainless irons an* n^sponsive to heal tn'at intent aiai a wide 
variation in thedr physical pro|H‘rties is possibit* b\ (|uenching and 
tc!U]K*ring at suitable t(*nipcratures 

The following is a typical iH^ncntagt* coinposit kmi . (', (do nnav.). 
Si. O oO (rna\.) Ni, 1 (Minax.) : (V. 12 (Minin ) 1 he maicjrnu'st*, sul- 

phur and phosphorus an* \(‘ry low. 

The ?netal, whc'U normally lH‘al -1 reaUal. naincl\. by oil ciuenching 
at bob (\ and teni|M‘ring at 725 7(>b (’. gi\e.s a \icltl point of 15 to 
25 tons jH'r sc|. in. and a t(‘nsilc strength of 5b to 4o ,ons |w*r s(| in., 
with 4b to 3b ]>er cent el(»ngation aiui a lirinell hard c* 'x of I to to |S(L 
d'he (‘flfec't <»f different heat treat nu'iit * upon tin* proport les of this 
stainless iron is shown by the ri'sults gi\<‘n in 'fable (U for Firth's 
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The fatigue limit for 10 million stress reversals without fracturM 
is 15-5 tons per sq. in. 

The modulus of elasticity is 13,400 tons per sq. in. 

These results apply to the B.S.T. S.61 steel in the normal heat 
treated condition previously mentioned. 

The specific gravity of this stainless iron is 7*73. 

The thermal ami activity at 20° C. and 600° C. is 0*059 and 0*066 
tinits reH|M‘ctively. 

'fhe eUctrmd resistivity at 20 C. and 600° C. is 56 and 107 microhms 
]KT cm. (*ube res[K‘ctively. 

'rh(* coefficind of linear expansion from 20 ’ to 500° C. is 120 X 10 " 

Stainl(\ss iron is ma^ynetic but is not suitable for permanent magneto 
1'he following are its magnetic pro|H*rties — 

B (InUtH't ion ) // mH\ (Max. He ((N)orci\o B Korn 

tor H ton I'orrnoatiilit \ ) Koroo) (Kornanonco) 

I7,l70 .")0(> 7l 6100 

Heat-treatment of Stainhss Iron. This material is hardened b\ 
(lueiK'hing in water or oil or by air-hardening, ac(*ording to the size and 
siH’tion of the part in (juestion, at a t(*mperat tire of 950' to 1000° (’ 
This is follow (*(l by t<‘mpenng at 650 to 750 (\ 

'Po soft(*n stainless iron it is h(‘aled to 750 (\ and cooled in air, 
tin* metal is readil\ macliinable in tlu' oil-hardened and t(‘mpen‘d 
condition, howt*ver. 

Machining of Stainless Steels 

'Flic machining of tluvsc steels shouM pnd'erably be carried out 
with lHgh-s|HM'd tool stet'ls such as the IS per (*ent tungsten class, using 
keen < utting edges and rigid mounting both of the tool and work. An 
nn}x>rtant point t(^ remember in mounting the work is that steels of 
the Staybrite class have about 50 |K*r cent greater linear expan.sion 
than ordinary steels, ,so that allowance must be maiie for the expansion 
due to the heat genenited during cutting o}H:‘rat ions ; thus, when 
turning Staybrite steel In^tween centres the back centre should be 
adj u.-^ted ac<*ordingly . 

The martensitic and ferriti<* steeds in groups A and of the 40 
to 50 ton tensile condition are machined at sjneds of 70 ft. j)er min. 
for work of 1 in. diameter, with a cut of in. and feed of in. The 
cutting spcxnl is reduced with increase of diameter. Thus, for 5 in. 

♦ Tirfc page 242. 
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work thv }>!o|K'r cutting s|x»e(l would U' 35 ft. {K*r min., 
with a cut of /V. in. and A'Cfl of in. The forms of the ttx>ls* for 
roughing purjKwos are shown in Fig. 123, lyin' A is used for ordinary 
work and H for relatively deep <‘uts, using tin* side of the tiH)I. The 
appropriate rake angh's for tool A arc 10 to 13 (front) and 7 to 13' 
(side). The front and side cicaramc angles arc 5 tt) lO and 5' to S' 
re.spcctively. The front and side rakes for tool H are 7 and 15’ to 20 


C !< .11 4n( 


t Of •\ /' 

CD 

P/iW Shape — porr^} B 

Ki«.. Kohms oi 'I'ofn.s roll 'I’l HMM. Stmm.ksh S-riaici.s 

.1 OkIiii.iin tooN It DiTjM'iits 

rcspc<*t iv(‘ly, and th(‘ front and side <'l(‘aranc<* angles, 4 and 5' 
n‘syK’ct i\ (‘ly, 

Stainl*Ms iron ruts more cleanly than .stainlc.ss .steel. Higlier KfwedK 
and keeiKT rake angles with heavier iiits can therefore Im‘ einploy<*d. 

The cutting .speed for a I in. diaineliT bar is abfint 1 10 ft. |K»r min., 
with Jin. cut and in. fe<*d. The front anci side rak(‘s of tlie t<K>l 
are 15 and H) re.s])eetiv<‘ly. The front anil side ( learanee angles are 
5 in each ea.se. 

SMO stainhss Mff'J machines in a similar manner to 3 |X'r <jent. 
nickel or 3 jkt cent nickel-chromium hUh*!. Jn the easi* of a in. 
bar, a cutting si)eed of lOOft. ]K*r min. is uwd, with ,V, in. cut and 
/a in. feed. Th(‘ front and .side rakes of the tool are 15' and 10 ' respec- 
tively; the front and *side clearances are 5 in each (;ase. 

For finish turning stainless steels a light (;ut and higher spexHis up 
to 100 ft. ])er min. (with 0*0025 in. cut and in. fe(HJ) should be 

* MoKsrH. Thos. Kirth & .Tohii Hrowii Lt<l. 
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pmplovod, nsin<: for tl)iw o|>eration a broad-nosed tool with a cnttn , 
edge of I in. to Jin. wide. The tool should be slightly rounded a? } 
have little or no side rake. 

For finishimj ntainhsH iron a entting speed of 150 ft. per min. n 
lx- ii.sed, with a cut of O CKKl in. and feed of in. 

For iiriUimj MainUs,^ .sffds of th(‘ grouj) A and B class. liigh-s})(«-.* 
steel drills should be einpl<)>e<l with <‘leara!iee angles of to 10 ’; f,,r 
.Mtainh*Hs iron th(‘ e(»rr(*sp<)rj(ling value is 12 to I5‘ ; for Staybno 
steeh 14 to IS . 

The drilling s|H‘(‘ds for stainle>s and S.80 st(‘els average about 50 (! 
|HT inin.; for stainK'ss iron, 00 to S(»ft. ]>er min., and for Staybriif 
ste(*l, 50 to 55 ft. })(‘r inin. 

To (*nsure rigidity the* drills slioiild be as short as possible^ ; small 
dian\et(» tlrills should lx* gripptxl as low as possible in the drill ehink 
(’utting lips sliould be ground with rather mon* back clearance* and the 
point should be* “thinn(‘d.'' Ordinary ( Utting lubricants e‘an be us(*d. 
but for fine work turpentine is recomme‘fide*d. 

When sen H'-^rHttiyKj s1ainl(‘ss stends care* is iM‘c(‘ssarv to obtain a 
satisfactory tinish, as then* is some* tcnde*ncy to drag: a fairly high 
<‘ufting s|M*ed may be* <*mpl(»\(*d. namel\, 50 to 70 ft. per min. for I in 
eliamefer work. 'Fhe* u.se* of a cutting lubricant is not e*ss(‘ntia], biit a 
ligftt rub with tallow lM‘tv\t‘('!j the* «*uts is an advantage*. 

Highe*r s|M‘e'els up to 150 ft. p(*r min. ean be* use*el for .sfainhss iron 
with a tool rake* ed 10 anel cle*arance of 5 . h7ir scjuare thre^ads a sf)<»e*(l 
of 50 ft. |M*r min is ri‘coinmeneh‘<l. lM>r S.SO st(‘<‘l a spc(*d of SO to 00 ft. 
}H*r min. giv(*s good n*sults with a top rake* o( lO and 10 cle*aram*e. 

//e/r^* .*e//er/we/ sliould be* done with high-sp(*ed ste*cl hlaeles at l(M)te) 
120 ft. fM‘r min., using a copious flow of wat(*r or soluble* oil. A I in. 
bar ed* staink'ss stt'e*! can be* sawn threuigh in I 'J min.: a 4 in. bar in 
25 to 50 min. 

Cold smrintj is n‘ce)mme*neie*el with .se‘gme*nte‘d high-s])ee*el steel 
cire’ular saws running at 50 ft |M*r min. with fct*eis eef .J in. te» 1.11 in., 
ae*t*ording tei the see'tiem te> U* lut, for the* gre»u]) .\ anel B ste*e*ls. For 
Staybrite sti'cls a ratlu*r lower s|H'e'el. namely. 25 ft. |H*r min., wdth 
J in. te> 1 in. fee*el, is de*sirable. 

For slab mdlimj stainle*ss steels |HTiphe*ral sf)i‘eels eif 40 to (JO ft. 
pt*r min. an' usually emplenvei : for plain work a cutter with a quick 
spiral gives gexxl re*siilts. For stainle'ss ire>n, cuttt'r s|K'(*ds up to HO ft. 
|K*r min. e*an lx* u.sed fe)r gene*ral we>rk, with a j in. e‘ut anel a feed of 
4 1 in. ptT min. 

For S.Htf sttH'l a .s{K't'd of UKI ft . fx*r min. is advisexl, w ith J in. cut and 
5in. jK'r min. feed, using a double helical cutter and .se)luble oil lubricant. 
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Soldering and Bnudng Stainless Steels 

These steels can retwlily be soft-soldeml, a snitablt* tlux 
made by disfiolving into a 50 |K'r mit solution of hydro(‘ldt»ri(' aeid as 
imieh zinc chloride as the acid will take. Scrupulous ch'anlincss (»f the 
metal surfaces is necessary arul care must 1 m» taken to ensure that the 
surfa(‘es to be? soldered arc <‘ovon‘d with tlux. In otluT n‘.s|MHts tinning 
And sohlering are done in tin* t\oriuaI It is iin}H>rtant ho'Acvcr, 

to nunove all traces of tlu' soldt'riuL: llu\ alna-u anK l»v in 

hot Plater. 

Silrrr sohit rimj !i(‘cessitaf<*s thorouLih clc.mline^N of thf‘ snrfaec*s. 
The b(‘st tlux for stainles.s aud Sta\l>nt(‘ stet'is \ oia* <*ontaining 
lx)raci<* a(‘id and potassium thioridc. if can he ohtaiiw il from na* steel 
manufacturers. The tlux may (Mtlu'r he mi\*''l into a ifnn paste with 
water or drojifX'd on to the he.itt'd surfa<‘e in powih if'l form Whim 
using a low ineltinu’' point silvc'i* colder th(‘ tempt i ;nre should Im' 
about 7(M) V 

Brazin-tj of tliest* .steels is a more (lifheult inatttT. hut If a<l<M|uate 
[iroteetion of the .surfact‘s to Im* brazed is Lh\<‘n during the lH*ating 
o|KTati<)n. a satisfactory r(‘suh may Im* obtained If tin* llnx conu‘H 
away from .tlu* surface* of iht* ste<*l thiriiiL^ h('aiing steel oxide* will 
form, and the borax lhi\ will not elissolve this oxide*, the* flux use‘f| 
shenild Ik* a pre»t<*ct ive* anel not an eixieiizing one*, grounel borax glass 
is preferable to borax as a tlux. “Sif})ron/t* " ilux and wire* e>r strip 
give very satisfactory results for lirazing tlie'se* st(*e‘ls 


Welding Stainless Steels 

Stainlc.ss and Stayhritc .Ntf*<*|s cuo he* we*lele‘d r(‘.elily h\ all 
the usual clce-trie* and e)xy-ac(*t \ le*nc preH'e*sse‘s, hut ne>t by the 
smith’s hearth metheKl. Weieling of the*.se* marte*nsitic hte*e‘ls, how- 
ever, tends to air-harden the* me*tal in the* vicinity eif the* w'e*ld so 
that it may be* n<*c<*ssary te) he*at-tre*al the* whf)le‘ we‘|ele*el structure 
afterwards. 

It is jK>ssihle to electric are* w(*|e| light gauge* stainle*s.s stee*! sheets 
as thin as 18 and 2(>S.W.(b with nKKlf*rn we‘|eling plant. 

When using the oxy-aee*tylen(‘ pro(‘(*s.s it is important ust a nnitrnl 
flame; otherwise the weld may Im* unsound. The* gas pressure should 
be adjusted until eorree*t fiisiem occurs. When welding thin sheets 
there is, however, a danger of piere*ing the metal if the pre.sHures are 
too high. 

The fvelding rod should always Ik* of the same (‘omposifion as the 
material being welded, and when welding sheets it is a safe rule to 
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xiHv a of rofl or wire similar to or slightly heavier than the 

of the sheet l^eing voided. 

When welding Staybrite steel the fact of the expansion beini: 
5() per cent greater than that of mild steel must be allowed for. Another 
itf'rn to be taken into consideration is the lower thermal conductiviiy 
of Staybrite steel. Thus, when butt-welding steel sheets togethiT 
the heat will not be conducted away through the sheets so rapidly as 
with mild steel and the hot zone will therefore be more confined, 
to allow for this the blowpipe fiame should be played over a rathei 
wider area than usual. 

In some instances it is necessary to soften fully as well as descah* 
Staybrite steid after welding, in order to obtain optimum corrosion 
resistance. On the other hand, other stainless steels do not need to 
1 m‘ heat-treated after welding from this point of view, although it 
may 1 k» advisable* to heat-treat after cold manipulation with a view' to 
removal of stresses. 

Although it is possible to weld MainJess iron, welding results in 
embrittlement of the material adjacent to the weld, which is not 
wdiolly n*movable by h(*at -treatment. For this reason the welding o1 
this material is not to be recommended as a general practice. The 
other martensitic stainless steels also air-harden when cooled from 
the welding tem|H'rature, and it is therefore necessary to heat-treat 
after welding. 

Wfhi Ihcay of Stainless Steels. A ty|M^ of intergranular corrosion 
exiK'rienced under certain conditions is due, basically, to the carbon 
content. In the case of chromium sU^els it produces a tendency to air- 
hardening and brittleness, but with stainless austenitic stools there is 
a grain -boundary precipitation of carbide which in certain circum- 
stances n*sults in intergranular corrosion. 

When such steels are welded some of the metal in the region of 
th(‘ weld is healed to a temperature that causes the carbide to be pre- 
ei[)itated again, so that these ar(*as are liable to a type of corrosion 
known as mid dicat/. 

In ord(*r to avoid such a tendency the carbon must be removed or 
absorbed into an inert condition such that it remains unaffected by 
heat-treat meiit. 

The elements tantalum and niobium are employed for this purpose 
siiK'e they form stable compounds with the non-metallic elements and 
their carbides are not soluble in iron. Usually no more than 1 per cent 
of either element is satisfactory" for this purpose, but the latter element 
— wdiich has a much lewder melting-point — ^is usually preferred. 
Niobium is also used in wielding electrodes. 
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n. Heat-radsting Steels 

Much modem engineering work dtunands steels that will retain 
a high percentage of their meehaniea! stn»ngtli |>n>|HTtit\s at ^'h'vated 
ternpcTatures, and will n'sist (‘orrosioii or scaling teiuleiu'ies. 

The ordinary carbon steels quickly lose th(*ir strength when heated 
to temjieratures of 5<K)''(\ to 7(K1^(\ Thus, in the case of onlinary 
structural mild steel the strengths at oOtt tUM) t\. lual 7(H)" (\ 
are respectively about 48. dO, and 17 |ht cent of tie' strength nt 
ordinary atmospheric ttnnperature. Moreover, iniKl sti'el wht‘n exposed 
to these higher tein|MTatures in air heuin.s to cornnh* vt rv (pnekly. 

Before the introdnetion t>f spe<*i/d Iwat -resist ent allov steels, it 
was the practiee to protect the ni«*tal with a resistant coa.ing, by 
caloriziug and similar methods. Although to some ('Xtcmt su(‘c(‘ssful 
in withstanding th(‘ ('orrosive eflei‘ts of furnace ga.^cs and iuin(»s, 
whilst the coating remained intact, the m<‘chat)ieal ’''‘iigth projMTties 
were impaired as previously shown, furtlar, th(‘ coatings were liable 
to break down and expose the stcH'I to eorrosive influences. 

A (‘ousiderable amount of research has lH‘('n done in coniii'ction 
with heat-resisting steels, and it is now possibh' to produce ciTtain 
stoels that will retain a fair amount of strength namely, from 50 to 
55 |)er cent at (UM) (\ and from 25 to 30 p('r ('cnt at O00'(' with 
almost complete immunity against corrosion. 

Steeds having in the cold state an anstenitie stnieture and <‘on- 
sisting of microsco])icaIly homogeneous grains are thus usti’ul for high 
temperature work because, whilst this comparative miilormity is 
characteristic of most ferrous alloys at high tem|M*ratiin‘S, many of 
them develop a noii-uniforin, or het«*rogeneous, struct un* at the 
critical temjx'ratur(‘ wdiitii remains on cooling down, du«’ to ns ryst al- 
ligation and the separation of certain const it uents. Allriys that flo not 
possess a critical temfKTature, and therefore undergo no cliange on 
heating and cooling again, that is to say, solid solutions, are d<‘sirable 
for use at high temjierat ures^ 

The presence of free carbide, wd]i<di in smc'cssful heat-resisting 
steels is very stable, does not apjM*ar to iiiqiair their heat-resisting 
qualities. The heat -treatment necessary for these solid srilutions is 
comparatively simple, whilst the heating involv(*(l in such o[)(Tations 
as brazing or welding has no effect upon them. 

The serious w’cakening that occurs in (he ease of ordinary steels 
when they have attained a temperature of 5()() (-. to (HH)"' C. is j>ost- 
poned in the case of heat-resisting steeds, so that tlu* latter will sucoosh- 
fully withstand much higher temjKTatures— nanudy, from (MK)' C. i>o 
1100° C., i.e. when the steel is from red to orange in heat colour. 
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Desirable High Temperature Properties 

Stoels that ar(‘ suhjrctid to elevated tenifXTatures and stress etTeci 
rilH)id<l po.ss«‘s> two distinct (pjalities, namely (1) resistance to oxidation 
and scalin^^ and (2) resistance to ‘creep” under steady and continuon- 
loadin^^ at the hi^dier temperatures, combined with a aufliciently hi^h 
tensil(‘ strenL^th valia*. 'File foriiKT ])roperty is possessed by steels 
('ontaininfi an ap[>r(‘eiablt' eijromium content, i.e. above about 12 per 
cent and U]> to Hit jmt e(‘nt, and by chromium-nickel steels A\ith 
relatively hijrh chromium and ni(“kel content --up to about 3(1 per cemt, 
with or without th<* addition of tungsten or titanium; these arc 
austiMiit ic steels. 

Another ty|M‘ of h(‘at resisting st(‘(d contains from 3 to 4 })er cent 
of silicon and b to li) per e(‘nt of chromium ; it is known as silico- 
(‘lironu* steel and is one of (la* strongest of heat-resisting steels, giving 
a t(‘nsil(‘ str(‘netli of bf) to li) tons per s(|. in. at normal tem|H‘ratureh 

Vet another class of laat resisting alloy is one containing about 
bt) per cent of nickel and 2tl |M*r etmt (‘hromium. 

'Fhe n‘sistan< (‘ to cri'cp in certain steels, e.g. ni(‘kel-chromium ones, 
is incri'ased bs the addition (»f tungsten u]) to 3 ]H'r cent. 

Apart from tin* r<‘sistanee to o\i<lation of a stiad at elevatiMl (ein})er- 
atures, it is also n(‘c(‘s;>arv in many instam'cs for the st(‘el to resist 
chemical atta<*k l\\ gases and vapours, typical (‘xainples are th(‘ 
exhaust vaivt's of internal combustion engiia's and <*ertain parts us(‘d 
in industrial < hcmical process<*s In ordc'r to afford a (‘omparison of 
th(' rf*sistam’(‘s ot sti'ids to s<*aling or corrosion at high temperatures 
a m<*tho<l has Ikhmi de\ ised which de]M*nds upon tin* increase in weight, 
due to scaling, p<'r unit an*a of surface |K‘r unit of time. 

Tht Srnliuij !ti(Ux is di'tineil as th(‘ incn'ase in wiught. in milligrams, 
f>er s(j cm. of area t>f a specimen e\]>ose<l for 24 hours in an atmos})here 
consisting of repre.sentati\e products of combustion. On this scale 
mild steel has a \alu(’, at tHHl O , of HO, whilst a 13 |xt <*ent chromium 
steel, as us(*d for autoihobile valves, furmnx' (ittings, and chemical plant, 
subject to oxidation at a red heat, has an index of about IS. A 2b |x*r 
cent (‘hromium and It) jht (‘cnt nickel ste(*l, with a tensile strength in 
the Hofteiu'd state of about 50 tons |ht sq. in. at normal teni|)erat tires, 
has a sealing index of about 0-2: this st(*el is used for case-hardening 
boxes, oil burners, and furnace mulHes. Other heat-resisting steels 
with scaling inde\t*s Ixdow 0-4 include Staybrite F.D.P., 30 jx^r cent 
ehromiurn sox'! (Firth- Vickers “Vesuvius”), 30 jx'r (‘ent chromium wdth 
2 |X'r cent nickel (FirthA'icktTvS “PxTista”). and bO per cent nickel with 
20 jxT cent clmunium (Firth- Vickers “Vikro”) steed. 

The effect of temjHroturf increase ujx>n the tensile strength of a 
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t^pleal heat-resisting steel of the mekel-t hroinium senes i<s illhstrattni 
in Fig 124 The results lor mihi steel o\ei a teiii|H'i at nn raiu»e ol 0 to 
TtK) C are also gi\en for the })ur|H)s(‘s of loinparison 1'h(‘ Kr.i li H 
steel at 700 V has a tensile strent'th ot ahoiit 30 tons |m*i s(| m as 
eompared \uth about o tons fXT s<( in ha th« nnhl steel at V 
the former steel has a tensile stn'iigth of about lo ti>ns jht s(| m , 
whereas that of the mild steel is a netrlnrihle (ju intit\ 



Some interesUng results relating to th< stiength j>ro|M*rties of thiK 
steel are given in the tollowmg table - 

TABLK tif) 


Tensile STRENtirn oh FiR\ H H Sifu \i \ \kioi s 'riMj*KR\n res 


Temi>erature 


Noniial 
7(K) (' 
H(K) C 
m) V 


\ u M Poiiit 
7<>nMp'rs({ in 

3H 


Maxirnuiii 
Str« Hs 

’’lonsjMPsjj If) 
"fS '» 

3 1 0 
#1 

PI U 


Llon^at i< ft 
jH r ( * nt 

t7 » 

r><) 
aj u 
'to 7 


OeOiK f u»n 
of Xrott 
fM I ( ont 
72 
77 
ao 
(>4 



m 


ENGINEERING MATERIALS 


HcffTonco lias previously been made to the resistance to creep 
of a exposed for appreciable periods to high temperatures. Crec]) 
Hlres.s tests are iiu{)ortarit as indicating the stress which the metal 
will r(‘si^t (‘ontinuously without failure, under given temperature 
conditions In this connection it has been shown that the cre<‘p 
strencth of the Era H.R. steel, previously mentioned, is no less than 
thirteen times that of the comparison carbon steel at 700° C. 

Tie* if'siilt.^ are givam in Tal>le 6t>. 

TABLE f)G 

Ckeei* Stress for Era H.K. and Carbon Steels 


Matonul 


Km II II stvcl 
a no jMT c(*nt < HI bon stcol 

Tilt' resistanci' to scaling of the Era H.H. ste»el, together with 
coinp*irati\e values for oth(‘r st«‘eis, is given in Talile 07. 

TABLE ()7 

ScvbiNo Kes|st\n(i: oi« Steei-s at UHM) C. 

LohM 111 \\ 

((Jrutnti pt*r 1 0(1 m|. <‘m ) 


(’rtH'|) Stms.s (lb. per sq. in.) 


000 (’. 

600 K. 

700° C. 

42,500 

38,000 

26,000 

13,000 

4,500 , 

J^esH tliaji 2,000 


I’!m 11 K .stci^l 
lii^b rliidinniin stri'i 

11101 S|)(H*(I Mtwl 

Mild 0 1(J < iirbon stcid 


o 07 
7 31 
7-40 
28 40 


Th(‘ nH'taI^ were 'exposed lor 3 hours, with free aceess of air at 
UHH) ('. 

It will he olHer\(‘<l that tin* .sealing effect of the Era H.H. steel is 
prai'tieallv lU'^rligibU*. 

The st(*('l in (piestion is suitable for the rotors of exhaust gas 
turbiiu's, such as those iiM'd fur drixing aircraft engine superchargers, 
'riiese turbines o^HTate at sjHHMls up to 30.0(K> r.p.m. and are exposed 
to etiiTosive (^xhaiist gase.s at tem|K»ratiirea of 700 to 9(K1° C. ; although 
running at a bright red heat, rotors of this metal are able to withstand 
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the high centrifugal stresses iiuletiiiitely. Otlier typical applications 
include Diesel engine valves, the racks of spring-hardening funiaoes, 
and furnace conveyor members (Fig. 125). 

The Time Yield Test. In (‘onnection with the creep .strength of 
steels a convenient test \\hich can be uiKhTtuken in a cnin^mratively 
short period of time is one initiated at the Firth-Hroun laboratories, 
known as the “Time Yield” test. The n'Milts obtained by this test 



Fk. I2.‘i Fl KNA< I. (’oNM.XUltS M MO IN Kit \ H K SlMI 
'IhtHt IlHMl 111 « t>IlttlllH»U>^ MtM<< in .1 ImII! t H .1 till* lit till 11 Id IVpiKdt t)! i 

iiiininiiiiii t< iii|M ratlin of n , \Mllioiit ativ Kimis •*( m ilinv 

afford a useful standard of comparison and tins is employed for 
exprc*.ssing the tem|)erature-stn*ngth projwTties of lieat -resisting steels. 

The time yield is defined as the grc'atest stress, at any given ieinp(*r- 
ature, which produces a rate of creep of no more than one inilliouth of 
an inch jxir inch jxjr hour l)etween the 241 h and 72nd hours of test, 
the extension during the first 24 hours lx*ing less than 0*5 jkt (‘Oiit of 
the gauge length. Typical time yield values for au austcniti(‘ heat- 
resisting steel at temperatures of 800'", IHXF, find KKX)' 0. arcs reHjK*c- 
tively, 1200, 280, and IK) lb. per sq. in. 

From these results it vdll Ix* appreciaUnl ho>\ imiKirtant is the 
sidection of the correct oiXTating teraiXTature, for an error of 50 "C. 
in estimating the temperature will cause a considerable variation in 
the stress value. 
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In tin* cast' of a ^o(k 1 heat-resisting steel exposed to a temperatin 
of HOG (\, a }K‘rmissible rate of vreep of 10“®in. per inch per hou' 
would allow of the application of a load of only 500 Ib.per sq. in. Aral, 
of 10 " w(uild jMTuiit a load of HHO lb. [kt sq. in., I0“® would jKTiiiit 
1000 lb., and a rate of 10 woidd [HTniit a load of 3400 lb. JXT sq. in 
From th(‘s<‘ f<wv examples it will Ik* apparent that the eorrect a])plica- 
tion of heat-resisting ste(‘l is a matter for (areful study of the existing 
ojKTat ing rnialit ions. 

Classification of Heat-resisting Steels 

A eonv«*nient rn(‘th<Kl of grouping these steels, due to Dr, Hatfield 
bas(‘d upon their constituents and the proportions of these, is a- 
folhiws 

A. Sili<*on-chroinium steels. 

H. Flam chromium steels (12 30 |K‘r cent (*hromium). 

( .\nst(‘nitic chromium-niekel st(‘els -chromium and nickel each 
up to 30 per cent, with or without additions of tungsten and titanium. 

I). Highi'r nickel-chromium alloys, such as 00 jier cent nickel and 
20 f>er cent chromium, the rest ]K*ing iron ; this alloy cannot be termed 
a “steel," howevcT, in the acceptial siuise of th(* word. 

The p(*rc<'titaire compositions of tlu* principal eleimmts and the 
nu'chanical properties ol th(‘se lu'at -resist mg st(‘(‘ls and alloys are given 
in a con\t*nient form in 'fabh' (iS. 

In connection with tlu* .st(‘cls and alloys given in Table OH, the 
following notes on their properties and applications may be found 
useful 

(iroup .1 .s7« < As pos.srss excellent rt*sistance to o.xidution uj) to a 
tt'iuperat urt‘ id about tMH) but have no great mechani(*al strength 
at high t(*mp<*raturcs. 'Fhesi' steels are essentially iistal for internal 
(*ombustion (‘iiginc \alves 

The first steel in (iroHjt B is \ery good for resisting oxidation up 
to about 700 to 75G (\, but again pos.sesst‘s no s|K*cial strength at high 
tem|K*rat ures, althougfi U'tter than niilil .steel in this res|K*ct. 

'riu* sei'ond steel in firanp B is excellent for resistance to oxidation 
up to about I ItM) (\ 'Fliis steel has a t<‘ndency to Ik* brittle at ordinary 
tem|K‘rat uri's, although it is (piite ductih* at el(*vated tenij)eratures. 
Again, this stt*el possesses no s|KH-ia1 mechanical strength at elevated 
temjH'ratures. 

In <tnntp <\ all the steels }M)ss*'ss excellent liuctility at ordinary 
tem|KTaturcs and at ele\ated tein}K*ratures ; all jK)ssess very appreci- 
able mechanical strength, as compared with the previous steels. The 
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firHt two steels in this group show good resistance to oxidation up to 
about IKHT (\, whilst the third steel is very good up to 800 ° C., and 
the fourth and fifth steels are very good up to about 1050 ° to 1100 ° V 
I’he ni(‘kel-ehr(>iniuin alloy in Group D exhibits good resistance to 
oxidation up to about lloO'C., combined with good mechanical 
projMTties at ele\at(‘d t(*in|M‘ratures. 

TIm' ph\sical prop<‘rti(‘s of the steels giv(*n in Table 68 are set out 
in Tabl(‘ t)0 

T\BLE 69 

PiivsicxE PitoPLitTir.s ofr He vT-KKsisTiN(j Steels 
(VV. H Hathcld) 




( H‘llt <)l 

riit'rinal j 

( 'ondiK t>\ it \ 

(( ’ (i S 1 flits) 

lOlcM'trical 

( iKMlp 

j S|M ( lfl( 

< u \ 

I 

rtas iiiHi 

1 K\|>an'«.ion 
■ 20 lo(» 

Resist IV itv 
MuTohiiis 
per cin^ 

1 

\ 

7 an 

0 oooolHo 

0 o;io 

7.7 H.7 


7 7 1 

0 ooooloo 

0 0 + 7 

.72 (i.i 

h 

7 70 7 

o oooolol 

0 o:io 

80 St) 


s 00 

0 oooohto 

e> im 

7S 


1 soee 

0 ooool.M 

0 OHO 

S.7 

(’ 

7 Oo 

, ooooolos 

o o‘io 0 0H7 

73 


7 so 7 00 

o ooeiol 77 

0 o:io 

S,7 87 


7 OO 

0 00001.7 1 

0 o.Ho 

92 

11 

S 10 

0 00001 1\ 

0 OJO 

' 10.7 


Typical Applications 

Group d Stuls 'riu'st' silu'on-chronnuin stivls are used chiefly 
for the exhaust xaUesot iiu>tor i <ir, hi^h-s|M*e(l I )u*s(‘l, tind commercial 
|H»trol engines 

Group U Sttils I ((V, 12 1-1 }M‘r cent). For parts subject to 
s('aling intiut'iice but not to \er\ Inyh stresses at temi)eratures up 
to 7(M1 t<* 750 (\ 'rxpical lUstanecs are .lutomobile engine valves, 

furna(‘(‘, oil refiner\ , and boiler fittings. 

2 (Fr. 25 Jit) per cent, Mi, 0 5*0 |>er (‘ent) : Medium-tensile 
st<H»l proiHTties in normal heat-treated condition, but is eom- 
])arativel\ brittle* at ordinary tennx*ratures, lieing similar to highest- 
grade east irons lK*\c*lops c'oiwiderable ductility at elevated temper- 
atures and excellent nvsistance to scaling at IKHt to 1150 (\ but is 
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free from “growth” Hfeots of cast irons ^\ith n^jKuitcd heatings and 
coolings. Is employed in the h)riu of bars, forgings, aixd castings for 
such parts as furnact^ fittings, mechanical stoktT parts, roasting furnat^ 
rabble arms, and other parts not subject to appn*ciable loading or 
shock at ordinary tem|KTatures. A typical eommcrcial stind of thi« 
class is Firth- Vick(*rs “ Pyrista 

Group r St(ih< 1 ((’r, IP 1.% jht <<*nt . Ni, IP lo iht t*t‘nt ; W, 



»o inc»^ **ro HOu* 

Tk. IJn IP SI I Is o| S. aM\< 'I’lsls M lill.ll 'I’j VII'I.IIA'I I ItKvi J-OH 
\ IKKo \M» Ol ill K Sll 1J,S 

i>-;} ,KT e<*nl ). '^riiis austenitic stc*<‘l lia^ excellent oxidation resistance 
and a high creep strength It is used elii(‘tly tor aireraft and automobile 
engine exhaust vaKcs 'lAjiieal examfilcs of tliis steel an‘ the D.T.I). 
4PB SfH'eitication for aireralt cngiix* valves and Firth -Vi<‘kerH 
“ Imiuaculale P ” 

2. High nlckd-rhiowunn stal (Xi, 25 ,*15 |kt cent ; fV, 10 25 |kt 
<<‘ nt), with or uithoiit small additions of tungsten. K used chiefly for 
turbine blading. Tyjiieal <‘\am]ilf‘s are DIM) HIP S|K‘eili<ation (sheets 
and strip) and Firth- Vi<*kers “Maeloy H. ’ 

3. Ghrom ium -nickel ‘fungstm^ ((Y, 17*0 (min.) jK*r cent ; Xi, PdO 

]HT cent . VV, 2-4 ]kt cent). Is em])loyed in the foriii of bars, forgings, 
and eastings for jiarts requiring high resistance to scaling combined 
with high str€*ngth at teinjieratures uf) to 1050' (\ It a 

very high creep strength at elevated teinjK^ratures and is umhI for 
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suj)(‘rheMl(*r siipporis, valve steels, et<‘. Typical examples are D.T.l 
SjK‘cificati()n 2^- ^uul Firth-Vickers “Immaculate 4W.” 

(houp 1) AlloifH. A t vfacal nickel-chromium alloy (Ni, 60-80 pt ’ 
{•cut ; (>, 15 25 |KT cent) fMissCvSses excelkmt oxidation resistance jo 
tem|K*ratun\s ii]) to 1150 (\, and has good mechanical strengtl 
prop(Tties at elevated temperat ur(‘s. It is etnploycd chiefly in the forth 
of cast hea^t -treat merit hoxc^s which hav(‘ to withstand the eflfects of 
high t(‘m{M‘raturcs Jind had handling. A typi(*al example is Firth- 
V'lckers “V'ikro " all(»y. 

'fhe rcsistjinc(* to scjiling of thi.s alloy i.s illustrated by the result.s 
oi’ tenth given in 'lal)!** 70 for a number of machined cylinders, each 
of ii in. di{tmet{‘r 1 )\ 2 in long, of V'ikro. and four other steels whici 
were hubj{‘et{*d to llie oxidizing atmiKsphere of a furnace for a period 
of l(M) hours at the tem|icrjit ures mentioned in the table. 

TABLK 70 

S<’\MN(. 'fESTn or Steels at lliou TEMPERVTrRKs 
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Loss t)\ Oxjdatiori 
m j'nnii'. jut iu ]kt tiour 
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u :t7u 
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n 
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In regard to tlie meihanieal .sti’ength pro|KTties of Vikro steel, 
Fig. 127 illustrates the eom]»;irat ive tcuisilc lojul valu(‘s, at ordinary 
rates of loading, I'ach of the .s]M*eim(‘nn Iwung Hi’st rai.sed to the required 
t<‘nqKTatun^ in a s]K*cial tubular ekatric fui’iiace. The siqx'riority of 
Vikro steel at teuqK';;atur{‘s above 400 (\ is marked. 

Fig. 12s shows the n»sults of “creep ' tensile tests made on four 
difterent steels, under a uniform load of Sk tons |K*r sep in. : the tests 
at the lower teiiqxTatures continued for some thousands of hours. 
The graphs sh{»w the length of time nujuired lefon* the t(‘st pieces 
wou'd Im* stretch(‘d to the point of frac ture. 

It will 1 h^ .se(‘n that a bar of Vikro would (‘iidure a load of 8-5 tons 
|KT sq. in. for 2<HMt liours at 650 (’. IxTore bn^aking, while uiuFt the 
s^imo conditions carbon stt'cl would fail in a few hours. The maximum 
tem]HTatiire at which “ert'ep," or continuous flow, under a load of 
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8-5 tons }KT scj. ill. \s iitjgligible, is shown to be about 625' V, in th(^ 
( use of Yikro, and only just over 5(K) ' C. in carbon steel. 

m. High-manganese Steel 

Steel having a relatively high carbon eonkuit, namely, from l () to 
1*4 with from 10 to 14 jht ce^nt manganese, possesses important 
physical and mechanical projKTties. This steel was discovered by Sir 
itobcrt liadfield in 1SS2, and has since found increasing appli(*ation 
in the fbrni of castings, forgings and toIIcmI products ranging from a 
f(*\( onnces in weight to s(‘veral tons. 

The important projKTtics of this austenitic steel are that it is non- 
magnetic and v%h<‘n suitably h<‘at -tr(‘atcd (‘ombincs extreme toiighnes.s 
with high abrasion n‘sistance. 

'rh(‘ ii^iial range of jWTcentagc compositions is as follows: C, 1*00 
to 1*40. Mn, lOtM) to 16*(M); Si, 0*25 to l*(Mt. P, 010 (max.); S, 
ttttf) (max.) As th<‘sc variations can produce st(*els of maximum 
tougluu'ss but \\itli diflcnmt ni(‘chanical pro[K‘rtics, it is necessary to 
narrow dowrt th(‘ composition limits. I?i this connection the following 
analysis range (‘overs tlu' lm|HTial* mangan(‘Si» st(M‘ls: (\ 1*0 to 1*30, 
.Mn, 12*0 to 14*0, Si, 0*20 to 0*40 ; P, 0* 10 (max.) ; S. 0*05 (max.). 

In the normal cast condition tlu* metal is composivl of austenite 
and free carbidi's. 'lia* austeniti' is a solution of iron. manganos<‘, and 
(’arbid(‘s of thc.s(* two (imnents. Tlu* (*arbid(‘s not in solution are very 
hard and brittle, and when pr(*.scnt at tin* gniiti boundaries of the 
ausfcnit<\ make tlu' casting likowis(* britth*. A furnaci* soaking of th(‘ 
ste«'l at about IttlO (’ causi's th<' austenite to absorb th<‘ free (‘arbidi*^ 
into a solid solution, which <*an be maintained at room tcm|K‘rature 
by rapid ({uenching in cold water. How(*ver, if the metal section is too 
thick or the carbon content too high .some earbith* ])re(‘i|)itation ma\ 
occur during the cooling |H*riod. 

The austenitic manganese steel is pra<*tii'all\ non-magn<‘ti(‘, having 
a |K'rmeability of livss than 2*6, so that it has s|K*cial applications for 
parts that have to combine non-magnetism with high strength and 
resist anct' to wear. 

The initial hardness of manganest* steel is about ISO to 200 Brinell, 
i.(\ al>out the same degree as east steel (iu\ hardened), but under 
im|Wict or other work -hardening intliHuu^'s the surface hardness 
increases (‘onsiderahly. n»a<’hing at the |K)int of embrittlement al>out 
550 Brinell; this surface hardness is ('ontinuonsly renewed a.s the 
servitv I'ontinuea. 

In the “as-cast ’ state manganese stind is as brittle as oast iron, 
♦ Kdgar Allon lAiL, SheffieM. 
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but aftpr heating and queiuhing to ItVK) V it ikhscwh a 

greater toughvesb than ang otJut stal in this stiH'l the uist< nite ik Nory 
strong and ductile these two pro|)ertus lontnhulnur to its touglinesh 
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{tdgar Alim ltd) {h ignr MUi Hi) 

The uniform austcmtn strintun ic suiting fioni ijminhmjr at the 
correct temperature is not stable although ri timed at atrno«ph(*nc 
temperatures ModcTate heating howe\er will c ause a n -precipitation 
of the carbides presemt in the cast metal with a coiiHcqucnt refinement 
of the structure 
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H(<il tr«at((l <ast nian^Mnfs( stftl m brii form is so ductile thu 
(in b< fwnl double when iaUi without fnctiiie similarlv castm 
ot tills me t il will d( (orm lx fon frai tuniiji Fins de formation howene i 
14 not (ont muons owin^ to the laet that (old working raises the m< j 
point in th( stn ssi d u( as 


Mechanical and Physical Properties 


MniiiiHst steel jiossessm high iiupiet stiongth and ductiht\ It 
his howfvtr low thennil and ileetrifd (ondiie tivit\ but a hvli 
( (H tin n nt of lh< r m il e \p insion 

J he pnneipd {irofM rtie s of st indard muiganest steel* are t 
follows — 
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The high dn(tilit\ of tin met il i n ibh s ii to flow or d(form rt idih 
unde 1 impiiet but the flow sets inel the metvl ispicMoush nifn 
lionid h irele ns unele i le |K ited bleiws 

It is for these i< moiis that nnnginest steel possesses gieat wear 
lesistiime me! is difhe ult to m ve hint 

In regaid to the toughness is indn ite el b\ the eoinbinition of 
stiength indd«(liht> otminginese steel the le rn irkable toughness 
IS inelie ite d b\ the le suits ed tests in\ol\ing the determination of the 
work faetoi le the iminbe i of toot pounds ot eiuigN n (pii red to break 
tin s|H( miens I he le suits e>f tests on mingaiuse stenl and a heat 
treated ill()\ steel of simil ii tensile stiength ire sheiwn as teilleiws — 
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Tht'se results show that the work faetor for standanl inankmnese 
is over t\u(‘e that of the (*oininercial tyjK' ot allo\ east steel. 
\iiother nietluKl of iiidieatin^ the su]H'riority of inaiipuu‘M» steel is to 
e()!U|Mre the amoiuit of energy requireti to fraetun* it in t<‘nsion with 
that of other tyjheal steels. If tiu* tensilt' strength is rnultijilietl by 
the fXTeentage elongation at fr.ietiire lor s|M‘eimt'ns of similar size, th<‘ 
jinnlin't gives an approximate ni«‘asure of the eniTg} riajuired to 
fraetun*. this produet is known as the '\Mint Xtunhtr' 1'he values 
given in Tabh' 72 repn‘sent the merit mimU'r-' <»( Mune t\pieal 4 »m*Is. 

T.XHLK 72 

Mekit NoMiir.Rs OF S'lKia.s vnp 


Mot Hi 

'r.-iiMl.* 

Stn*uir(b 

Lb por .(| in 

lOioiii'at ii m 
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Numboi 
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i H .non 

:»o 

7.000,000 

\i( k«d sto<'l (boat troatisj) 

207,000 

1 1 
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Mikl Ktt*ol 

tiO.OOO 
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l.hOO.OOO 
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i:to.Ooo 

.> 

6:)0,ooo 

(’ast |T(i|» 

20,000 
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The abrasion rc'sistanees of a miinlun* <»f st(‘(*ls and east irons are 
given in Table 73 'FIk' figures shown an* sueli that the- higher the 
numlx'r the lower is the loss of weight b\ abrasion in a standard 
abrasion testing machine using wt't siIkm sand 

TABI.F: 73 

A HR \sioN 'Fi:st n nsi i/is 


StaiiUant riurngHno** stc<'l (n«»t work hanti'iaMl) luu 

Wlntfcast iron (HHN IlMi) llo iL’a 

KhiI H« rolksl (HI IN 2H.")| i;k'> 

( 'lirortiiiiiii-itickoi whilorast non (HHN r»J'o HU* 

'PypH'Hl luodium prK’od hard xurfafiiii' wt‘ld inrtal 77 I'J'I 

Kail stool, boat tn*ntod (HHN 4(Mn M7 

•Stanrlard nmnganosf* stoi*! (v^oi'k hardonod to '{!t0 JOIN) J47 
(’hnaniuni-iiioIvlKJonurn whito r-ast iron (HHN rjoU til5) I5I 164 
Keom»ni\ hard -facing: woki motal 133 173 

NoHarfi oast iron (rroU O.V) HHN) J66 2.''»n 

No. 439 hard-faoin^ wold iiiotal. ton*li woldod (Mm 

.V)(> HHN) . . 2r,0 330 


The figim*s in brackets (BHX) denote the Brinell hardness number«. 
It will be obstTved that work-hardened rnangaiH^st* st<*el has a high 
abrasion resistance; its bc^st ])erforinanee. however, is given where 
lK3th impact and abrasion action have to lie withstoixl. 
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Notes on Manganese Steels 

M/inganose c‘aii forged but special care is necessary ’ 
avoid de-grading the rn(*tal. After forging the steel should be h(Mt 
treated by raising it to a Uunperature of 1010° C. and quenching n, 
waU^r. 

Manganese is weldable, a nickc‘l -manganese welding rod b(‘in.. 
ernploye<l ; for repairing fractures an alternative is an 18/8 stainless 
steel rod ('an* is necessary in welding to avoid overheating, as thi> 
teials to cause de-grading of the metal. 

Mangai»es(‘ steel is only maclnnable with difticulty owing to its 
high work-hard(‘ning jiropcTty. It ean, however, be cut with certain 
all(»y tool stc(‘ls such as Kclgar Allen Stag Major or Firth's S}X*edicin 
Six IjcmIu, or tungst(*n-c*arbidc_tip ped too ls ; ordinary tool steels am 
unsat ivsfiu tor V anu qui(‘kly lH‘c*()mc bhinty WlH*re posvsiblo surplus 
metal should Ik* n*nioved by grinding. Holes can l>e drilled in iiuiri- 
ganes** stiK*! vising HU|M‘r high-.s]H‘ed st(‘(‘l drills ; hot ])unching is another 
alternative. Low cutting spv*(‘ds of about It) to 15 ft. ])er min. should 
Im> u.s<m1. Manganc*s(* stc‘el should not Ih' uscmI where tlie tenijicraturc* 
exceeds about 540 ('. VVitb 5 to 5 ]K‘r cent nickel and l(*ss than normal 
carbon c(mt<*nt a cast nick<‘l-manganes(‘ st(*el can be used safely at 
temfK*ratur(*H up to 505 ('. 

For castings of heavy sections the carbon content of manganese 
steel should Ik* 1(*.ss than for thin sc'ctions since there is greater carbide 
precipitation from austenite* during the* slower cooling of thicker 
sec'tions w'hc*n (picnchcd. 

stul castitujs, made in moulds of dry, green .sand or in 
some* c*as(*s of mc'tal, are <*mplo\ed for s|M*cial ]airposes such as the* 
parts of slonv* and on* crushing, grinding and dredging ]>lant. 

Idle casting procedun* nc'c'cssitates s|K*cial care, as there is a 
tendeimy to (Tack or distort, owing to the* high c<K*flicient of expansion 
of tin* nu'tal, or, in otln'r words, its higli shrinkage pnqierty. The 
metal revpiires large sink-heads to feed it as it t(‘nds to cool and contra(‘t. 

(Vstings should !h* uniform in section throughout, and sudden 
changes of section avoided; Ixwses and heavy fillets should therefore 
not bt' employed. 

(listings may Ih> improved eon.siderably by heating them almost 
to whiteness and then quenching in water; the effect is to increase 
both the strength and the ductility. 

Manganese sUh*1 has a high ecH'tlicient of lin(*ar expansion, so that 
in making ])iittenis for castings an allowance, namely, about '{\\ in. 
per should be made. 

Miifi^anese-chrofnium st<H?l is a iiKxiem variation of the original 
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12 }MT o<*nt nian^aiU‘HC st<*oI. A typical piTcentage composition, ooi’- 
formiug to D.T.I). Spcoitication is as follows: C, 1-0 to l o; Si 
0*5 (rnux.) ; Mn, 1 1*0 to 14-0: (V, 140 (max.). It is forged at 1 150 ( 
(louTi to 000 and is water-toughened at 950° C. to 1150° C. 

MaH{f(inc.st’tiichl nted. By the addition of 3-0 to 5*0 per cent 
nickel to the standard inangan(‘se steel formula and a reduction of tla* 
earlain content it lMH*om(*H possible to retain an austenitic structure in 
thin se<rior)s without ipienching and with only a normalizing treatment. 
Also, in tht‘ c«se of abnormally thi< k sections a nickel addition retards 
phase transformat io!i during (pienching. Nickel -manganese steel 
castings in u.s(‘ art' less susceptible to de- gradation from W’olding heat 
or operating heat than the standanl. The cost |X'r pound of steel 
higher, hovv(*ver. 

Applications of Manganese Steels 

Th(‘ tnarked proin-rty ot work-hardeiung renders this steel eminently 
suitabh* for such parts as th(» jaws of stone and ore crushers, dredger 
parts, tramway and railway points ami crossings, etc. 

In th(* former application the crusher jaws of manganese steel are 
1<‘SK durabk' when dealing with sharp friable material than when 
crushing r(*fra(‘torv material, since in tlu^ latter case the maximum 
hardru'ss in tla* working surfa(‘es of the jaws is develo|K*d. F\)r this 
HNison, also, mangan(‘se steel parts are di(li(*ult to machine as the 
<‘utting tool t<*nds to work-harden the metal under the cutting edge, 
where/is the cutting actiort <d' a suitabk* abrasive wheel removes the 
nti'tal in the form of n\inute chips withoiit abnormal hardrming. 

Manga tu'.se st(H‘l lias been mueli used for shrapnel -proof helmets 
and shields: it is also a good material for “burglar-proof" safes and 
vaults as it is t(H» ban! to Ix' cut with ordinary to<ds and too strong 
to Ik' brokers away with ordinary explosives. 

Manganese steel in tla* hot -worked condition is much u.sed for rails. 
The latter are rolk*d in ordinary rail-n>lling mills and are heat-treated 
by quenching soon after rolling: tht‘ material then has a yellowish 
tint due to auMit\iU \ this feature differentiates it from ordinary 
(‘arlnm steel. 

Manganese steel in the form of bars is now wiiiely used for screening 
coke. Ordinary steel wears away rapidly under the impact of the 
coke, hut with rnat»ga ne.se stetd it has a life about a hundred times 
as long. 

This steel is also used for sk»w sjieed railway truck wheels for mines 
and factories, hut is not s\n table for high sj>eed whetds. 

Owing to its non-maijHftic projH^rty, it has an imjx)rtant use in the 
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(X)ver-plates of lifting magnets for liaiulling lieaw iron aiu! stivl 
articles, and also for ship stnictures situated near tin* inairnetii* com- 
jwiss, siiK'e it has no magnetic etfci*! on the latter. 

Other applications include griiidintr and dn‘diiing plant parts and 
agricultural implements, such as sho\el.s aitd Ikk's. thcsi' arc mad(» 
from rolled manganese steel plates. 

IV. High-speed Tool Steels 

When (*arhon tool st<‘<‘ls arc <‘mployi*<i fur nuK’liining punMises 
there is a detinite limit to tin* <uttmc 'x|M‘cds an<l fe<‘<ls that can U* 
employed, and thenddn* to tlu‘ rate of prodin tion With the adoption 
of mass- prod u<‘t ion m<*th(Kls and the ust* <»i .illos Is tor engineiTiiig 
})iiriK)ses the dt'Uiand arose lor a inon‘ cthcicnt t«M»l steel that would 
give higher ctittiiiL^ s]k*(‘(Is under he.iMt'r lo:i<is 

The carbon st(*(‘|s, cetuTally '‘jMsakinLL do not iftain thejr etiges 
under the heavier loa(N and higher speeds, toi .1 heat devt‘l(»|K‘d 
causes a loss of tcm|M.‘r and tlu* tools will lu) longer cut clli(’i(‘nt ly. 
What was wanted, th<*reldrc was a tool st»‘(*l that would keep its 
tcmjMT Itardncss c\cn when hc«itc<i during naulmimg ofua'ations, and 
would cnahk* luNnicr and (pucker cuts to Ik* takiai. 

The sohitioti was sought in the alios steels, the carh(‘st (‘\ample 
lK‘ing the timgstcn st(‘cl, intnMluccd b\ Miishct ahont IM>0. 'Fhis 
ste(*l was a high carbon one (2 |M*r c(‘nt ), with from t to ti |M*r ccMit of 
tungsten. The silicon aviTaged about I |mt cent, and thi* manganese* 
from I to 1*5 p<*r cent, 'fliis steel w.is self hardening, and po.^ese.Hsei I 
vers much better cutting projMTties than the earlMui s|<rl.s 

.Another tmigst(‘n steel, introduced in .\mcrjca about IS1I4 l>y 
Messrs. Taylor and White, was an advance upon Miishet sle'el, from 
the ]M)int of view of |H*rlbrmaiiee. It eontaim'd s |M‘r cent ortungst<*n, 
and 3*S |)er cent of cbromiuiii This steel is to some e\t(‘iif similar to 
the modern higb-.s]K‘ed st<‘<‘ls in eompc»sit loii. 

The jirincipal (‘lemetUs found in the <-omposilion of modern tool 
steels include tiingsti*]). chromium, vanadium, cobalt, and mrilyhdenum. 
Not all of these are normally present, hut usually two or three. 

Of thest* elements, tuiigshm is_ pro ha his the inos^^ imjiortaiit ajul 
in most of the modern high sjM*ed steels it is alloy(*d in profMirtions of 
14 to 22 JKT cent. In addition ehromium and vanadium are prewmi, 
whilst in the higher grades cobalt aiul molylHleimm an* also employed. 

It is {K)ssihk* to use a variety of eomhiriations of tlH*Me elements, 
but most iiianufaetimTs of thes#* .steels hasa* standardized their own 
limited ranges of ste<*lH witli these* e*lements. 

The princijml advantage of stc^els .such as the high tungsten ones 
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is that they will retain their cutting hardnesses up to temperatures 
approaching a red heat, whcjreas carbon steels would quickly becone* 
“soft” under the same (ionditions. This point is w^ell illustrated in th 
case of tests made at the Firth Laboratories on turning tools of identical 
design w^hich were put to work on an 8 in. diameter bar of 0*90 jK?r cent 
carbon steel, which had a tensile strcmgth of 60/65 tons per sq. in. 
tlius affording a somew hat seven* ma(*hining material. Tw^o tools were 
uhcmI, nanK‘ly, a high grade carbon juid a 14 j)er cent tungsten “Speech* 
cut’ alloy stool. The initial cutting speed was 30ft. per min. with a 
i in. viit and feed of in. jkt revolution. The speed was increas(‘d 
by 1 ft. [wr min every minute. Under these conditions the Sj)eedicut 
tool ran efficiently for a |K‘ruMl of between 16 and 17 minutes, attaining 
a cutting specnl of 4ti ft. ])er min., whennis the carbon steel tool failed 
as soon a*^ it was put to work. 

Cutting Speeds 

The (Hitting speinls of tool steels dep(‘nd u|)on a number of factors, 
the principal ones (»f which include (I) the d(‘sign of the tool, i.e. whetluT 
for roughing, finishing, }>arting. sid(*-(Hit 1 ing, etc.; (2) the nature of 

TAIlldC 74 
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the metal to lx* (*ut, i.e. tlie inctnl and its heat-trcHitment ; (3) the 
depth of cut, and (4) the rate of feed of the tcx)l. 
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It ib posable to employ a raii^ie of c nt tin^^ s|>etHls for the same 
material to be out and with the same tool, steel, by varying the 
last two factors. Thus, for a gi\en tool life. i.e. a given |>ericKi of 
time before regrinding InHomes m‘eessary. cutting s|khh1s ranging from 
KM) to 500 ft. p('r min. are emploMMl in the case of a good grade high- 
's{K»ed steel, midjor machhihuj mild .stal \nth ^anolls feeds and s|mhm1s. 
Tabh* 74 shows tlie cutting sjM'cds and feeds for a good grmle of high* 
speed steel of I in. scjuare section, for a life bct\\c(‘n grimls ol \ J hours. 

The cutting sjieeds, under similar londitions of material herdnesK, 
feed and sjH'ed ft>r tools ma(h‘ from high grade carbon steel, .Mnshet's 
solf-hardening steel, Taylor Whitt' (I -.so i’ SO W, IhS (V) steel ami 
a nuKlt'rn high-spet'd, high tungstt'ii stet'l art' in the ratio of 1 : 10: 

7 • <) o respect ivel\ . 

In eonnectioM witli thf' list* of high-tnngslen ctuitt'iit tool sttnds, 
It should Ik‘ mtntioned fh.O whiKt tht'so udi < iit sat i‘'r.H‘tt)rily with 
tht'ir cutting edges at a dull red 1 rat upon eooliu/ down tlu'N still 
n'tain tlieir cutting Ihirduesv 

Typical High-speed Steels 

The tungstf'ii sI(M‘1s now im ncitdlN a<lopte(l t«>i metal (uttmg tools 
ma\ lx* groiipi'd into two bioa<l t lasses naincK those steels containing 
no eohah <jnd tlios<‘ with tla* l<»ll«*i element 'The eob»dt stei'l.s can he 
us«sl at higher speeds, notal»l\ ft»i rough maehmmg, hut ar<‘ more 
brittle than the steels of tlu' otlier lass. m(‘hl(*nt.ill\ . they an* mi>re 
exjK'iisive The iu'at -treatment of th(*se sfeels ?e(piin*.s H}H*(‘ial care in 
order to prev(*nt '•urfaee burning and loss (»f carbon e(>nt<*nt. These 
st(*els are (dU'ii used for tools in which the sha|K‘ is formed by grinding 
after baniemiig, eg. for latlu* and plaiu'r lougbing and finishing IchiIh 
and inserted blades for eiitter.s, 

Cobalt steel tools with high tungsten eonleiit (IS to 22 |kt cent) 
are ( inployed for machining hard ebille<l east iron, high tensile alloys, 
hard railway t>res and heavy allov st<*(‘l forgings. One sjH'cial grade 
of 20 jx^r cent tungsten-eolialf steel with oth(‘r ehuiients is uw^d for 
heavy duty jmrjioses such a.s heavy cuts tm high tensile steel forgings, 
for close-grained hard cast iron and for machining manganese steid ; 
a typical cutting sl<xd of this ela.ss is Firth's “Sjx'edieiit Six-!xfda/’ 
which is used for maOiining steel of 100 tons jK*r sip in. K'usile strength 
and 12 p(*r cent austenitic manganese steel in production work. 

Tungsten -chromium’mmidium stuU are much iiwxl in the U.S.A. 
and also in this country for high-sjK*ed trails. Thesi* are known as the 
IS -4-1; 18-4 -2 ; IS 4-3 and 14-4-2 ly|H*s, and their iK*rcentage 
compositions are given in Table 75. 
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TAEiLE 75 

f’oM POSITIONS OF Eil(ilf-SPEEl) CCTTINd StEELS 
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^Koit 

I'dfifdffun (iml XdfhIdtH Tdo! Stuis 'Faritahnn and niobium arc 
rlnrncnts ot spis'itic gravities lIMi and S 57 rfs|M‘('f iv<‘ly. witli intdtintr 
points of 2N5n (' and Md50 (\ ivsptatividy. wlvich impart sjKH-ial 
projH*rti(\s to carbon sttM'U 

The priiH'ifial cllcct ol tantalum when added in small amounts to 
a carbon steel i^^ to reduee the amount of iron earl)i(le. In the ease of 
0-1I5 |MT cent carbon .st(*el haviiifr ,‘E |kt cimt of tantalum aExnit one- 
half t)f the iron carlud(‘ normally ]uvM*nt is removed. When this steel 
is heatetl to a suitable ImnjMTat un‘ aiul queiu'hed, it is found that in 
H<ldition to tlu* uniform martensitic E)aekground there is a further 
constituent, namelv , tantalum carbide (Fig. 134).* 

.V 1-2 |K‘r cent carbon steel having 18 |ht a'lit of tantalum has the 
wliolt* of the carbon con\<Tted into the evtrt'mely hard tantaium 
carbide whilst the extCN'* ot tantaium is pn*sent in tlie form of an 
iron-tantahiin tFe.,Ta) coiiqHMiml. Fig. 135 shows a photomicrograph 
of this .steid . the !argt*r tantalum carbide particles are here clearly 
indicated. 

• C’oartcM »>t’ Inm anti Institute. 
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Tch> 1 containing the lattci toni|.Hmn(i Ih\c c\(M>lIcnt luttnig 
prr>|H^rties l\uall\ these steels ire inaile (liri<t lioin inai with 
2 to 4 tK‘i mit of (arlnm to whnh i leitain annmiit ol terro tantiiluin 
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is added so that th( wliolc of tlie (arlxiii is (on\ert<d into tantalum 
larhide, it is usual to add sm.dl aruounts of tungsten and rhrornium 
to su(h stetds The striKtiin of the allo\ thus fornieil (Kig 136) 
consists of a tool st(< I matrix containin^< larf/er partnh'H of extremely 
hard carbide V tvpKal (uttiiig allov known as Tantvng (onsisls of 
fine particles of tunjjsten and tantalum carbides enilx?d(ied in a matnx 

lo <I 5IM 
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of chromium and cobalt, anrl it i.M distinguished from other carbidr 
com iKisit ions by l)eing cast instead of sintered. Whilst not quiU‘ hn 
hard as other (jarbides, it is much tougher so that tlio edges of cuttiiii: 
tools will stand up to impa(*t8 and interrupted Oi>erations m\i(‘h better 
than the ordinary tungsUm carbide tipped tools. For this reason 
heavier cuts can Ixj taken, but at rather lower cutting speeds. 

The fact that Tantung (;an be cast instead of having to be sintered 
enables various sha|)es to be obtained by welding; it can also he 
wehled direc t on to carbon steels. 

The tantalum carbide tools also ]K)S8ess a marked resistan(*o to the 
cratering effects associated with tungsUm carbide tools; th(*y art* also 
self-lubricating. 

Heat-treatment of Tool Steels 

Tht^ heat-treatments of the various high-spe(‘d steels vary con- 
siderabl\ and tht* manufacturers' directions should generally be sought 
ill f*ach case. 

There jin*. ho\\(‘ver, tuo important properties of high-speed steel 
which are common. Firstly, the tem|>eraturc at \\hi(‘h the steel must 
1 h* hardened, so as to give the maximum cutting eflficiency, is higher 
than in the case of carbon tool steels. Thus, in the case* of plain carbon 
steels or steels containing small jHjrctmtages of tuiigsten and chromium, 
the (juenching tem[KTatures are normal, i.e. from just above the A(‘. 
^K)int (usually from 7<K)’(\ to 8(K)’(\), according to the particular 
com]) 08 ition employed. In the case of high-spe(‘d steels it is necessary 
to heat th(‘He to a much higher tenqwTature — ^namely, a little short of 
fusion (from 1150 (\ to 1350 C.) — to obtain the full advantages of 
these steels. 

The second characteristic* featurt* of high -spewed steel is its marked 
resistance to tempering. Unlike carbon steel which temj>ers at definite 
temperatures, with its hardness dec*reaaing gradually as the tempering 
temperature increases, from the initial reduction, in hardness value 
at about 250'"(’., high-s|)et*d steels do not lose their initial hardness 
even when temjxTed, jn some cases, at a temj)erature as high as 610^ C. 
When the carlnni content is high, the steel aft<*r temjxTing is actually 
harder than it is in the quenched condition. 

It follows from the alnive facts that these high-spe(*d steels can be 
used for tools that heat up by friction when machining to relatively 
high temjieratures and that the Uk>I will retain its teinjx*r indefinitely 
provided it is not heated above 580'^ (\ to CIO" (\, the actual value 
depending upon the composition. 

Vlt is important to remember that high-speed steel will only develop 
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its proj^ertifs o f ml-hardness am i rt>si.staiir (> to it it 1ms 

^prt*viously r/ atmctlji ' 

Xs su])plKHTrnjir^^^^ (‘els ari‘ >»onorally utiiuahii aiul ran 1 h* 

filed or niaehineii without ditUeiilty. lu the ease of siimll piiars for 
t(K>l-lH)lders, however, the inanufaeturers j^eiierally supply the stwl 
in the hardened state. 

Although it is possible to n'lider high.s|>eed steel extremely hard 
by the proeess of t|uen(‘hing in oil or water fnun. say. ItHHl (\. and 
thus to give it a high degnn* of hardness, the nmteriMl would not 
]K)sst‘ss the ii(‘eessary r(*.si.stanee to tein]HTiiii:. 

The (‘orr<‘et methods of hanlening hieli*s|Hn‘d st(*(‘l are !o ^oim^ 
extent govern(‘(l by the eoinposition, but it i.s a geiuTal rule du t high- 
s|M*ed steel should not be (piemhed in water »t should be eooled 
ipiiekly in whali* oil or bv mean'' of an air-blast 

I’lu' usual pn>e<‘(lure with high-s|K'ed steel is to pri'lieal llie part 
ill a inutile (gas or eleetrii -lieattsl. for pretereiwe) t«> j» l»right red li<*at 
(SIM) to S70 (\), and atter a eerl.iin short ]H“no»i ol “so.iking” to 
transfer to anotli(‘r final heating turnaei* In tliis the tmniKTafure is 
raised (piiekly to about l2tM) (’ to l3tM) and the part (pi<*m‘heil 
in oil or an <iir-l)last 

'fhe tim(‘ of ‘.sociking’* pla\s an important part in the prix^ess of 
liardening, for it ttio long the .steel will Ixa-ona* over-hardeneil and 
liritlle. If it lias not so<ik(Ml long (‘luaigh, it will Ix' t(x> soft from the 
lirinell hanlnt's.s point of vi<*w 

\Vh(‘n hardcniiKj cutthhj of high-spe<‘d stix'l, tin* nose only is 

healed rapidly to I2tM) (' to I3<M) after the preheating [M*riod at 
the lower tempera! nre. 

l^irts sill’ll as milling eutters, liohs, drills, and similar multiple 
eutling-edge tools must liave their eut t ing-(*dges protected from 
corrosion or Imniing during the final heating process. 

The salt-hath methixl is <»ften employed. If the tools are heaUxl 
in a furnace, lh(*y should Ix' enclosed in a suitable receptacle, 
and may Ik* covered with soiiif* kind of a silica paint as a further 
prot4*etion. 

It is important to warm thv.sUal parts tad'ore th(‘y are plai ed in the 
preheating furnace, and then to heat them slowlij until the profXT 
tempiTaiure is r(*aehed. The reason for this is that high-sjKX'd sU^d 
is denser and, therefore, requires a loiigf*r |X‘riod of heating; if a col<l 
bar of this steel is pla{‘(‘d in a hot furnaet*, the outsirie would expand 
more quickly than the inU*rior, causing sc'vere int<Tnal stresses, 
re.sulting in the condition kmmn as a “clink.” Although the bar to 
the eye appears as before, and exhibits no flaws, }’et wlien in use the 
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lo(»l may break, the fraeturod ^'iirfaces showing the “cup and (‘uj 
apfwarancc .is>oci<dcd witii iiicoiTcct heating procedure. 

After fiardeninir. lhi hW s/ff/ should he tempered at the tein]KTatui. 
(r>sn (’ to tilt) (‘) n‘<'omm(*iided for the ])articular composition 
The maimer in which th(‘ cutting hardness of a liigh grade tool st(‘« ; 
vanes with the t(*m])ering tein]K‘ratnre is illustrated in Fig. J37 tia 
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ll\KI*M-^s ol 'r<i<U Sl{‘i:is 

two st(‘< N known .is Stau Major * and '\Stag Sjx'cial, ' made by 
Kdi»ar .Mien Ltd 

'fhe relalivclv narrow t(‘m|K*rat m*t‘ ranize of 580 (\ to 610" C’. 
for the attainment ol the nniximnm hardn(‘.s.s is shown by these 

<ur\cs 

b\>r tem|H‘nnii tooL m.uh* triim su<*h steels they should l)e loaded 
into a furnate or stdt b.ith pro\ ided with accurate tliermostati(* control 
at TkSO ('. to tilO i \ and. after soaking the nose of the tcKvls (or in the 
case of milling i utters tht* whole of the tool) through, they should be 
heUl at this tem|H‘rature for about half an hour and then allow^ed to 
cool in an oil batli or the ofH'n air. The end of the thermo-couple 
emjiloved tor measuring the furnace or sidt bath temjx^rature should 
lx* plac(‘d as cloM» to the tool as ]K>ssible. 
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Craaented Carbide Catting Uaterials 

Whilst considcriju' the ^enrral Mibjrc t of outtinj: nmttTuls it is 
convenient to include an a(‘co\int of tin* f ion -ferrous c ement t*d carlmie 
procluots employed for tipping st4‘el t<*ol shanks and other pur}H)se». 
The princi|>iil eleinenl in these materials is tnujirsten, ami Ua* plain 
tungsten carbide is inadt' by mixinir tunirsten ami earlmn in iwnMlertMl 



Kf( rts oi loot'. 

. 1 //*.^/ Ifnhut Uil ) 


form and luNiting in an (‘leetrn lnrnai*e 1’lie prodm f Um If lias mi 
sjH'cial value, but uhen powdeied ami nuMsl with II to 20 per cent of 
}M)wdered inetallie cobalt .ind '^lntr!ed at a teinper.it urc well Iwlow 
the m<‘Iting |)oint of tungsten carbide naineix ItMMi (' m a hydrogen 
atnu)s})here, it forms a Ikniw brittle product which can Ih' cut and 
filed to any di'sired sliajM*. The final cnlliiiL' material obtained by 
heating this product to alnait lotMt (’ tor se\cral hours m a liydrogmi 
atmosphere with carbon, (^mynted tuimsicn caibidi^ is thus oblaim'd 
Hith the cobalt acting as a c(nm‘nting medium, but tmt in combin- 
ation with th(‘ tungsten or carbon. 

A good deal of shrinkage oe<*urs during the timd heating pro<*eSH 
so that in arranging for diineiisioned parts an allowanet* of about 
20 per (‘cnt shrinkage is made. 

Tungsten carbide thus obtained lias a s|H*eifie gravity of 14 to 15. 
It is extremely hard amJ can only lx* formed to cutting tool sliafH»H by 
grinding. Owing to the fact tliat it is an (‘\|M'nsi%e material it is 
employed to tip <*arbon st<*el Uxds, milling cutters, flnlls and Hlrnilar 
items. 
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The riirKlern cemented carbides contain other elements such 
inolybdcniiin, titanium, tantalum, chromium, etc. 

1yi)icnl commercial cemented carbides arc Wimct, Ardoloy, 
('arlM)loy, (’utanit, etc. Other synthetic cutting materials include 
Stellite and I Miron -carbide. 

(V‘mcnf(‘d carbides, as stated previous!} . are extremely hard ; the\ 
a hardiK'ss on the Mob s(*aU‘ of 1)*2 to 0-7 and will scratch glass 
and aUo sapfiliin*, they are thus harder than any heat-treated allo\ 



l*n. l.l'» K\\Meii:s oi Wmri ru’i j n 'I'oois 

I Ioi>l (»M (iittinji in li'.nl pi mils 

li Ui ,uni rs Hinalt jminp bur«l'< 

( I’uiH’hf-i .uni ilu's 

n Foumi I litih l«»r I uftiuir II in Jlnial i C.ivulin) 

t(*ol sti'cl At tht' same time these carbides an* of low tensile strength 
and are therefore unsuitable for heavy tiiol pressures or use under 
impact or intermittent cuttiiur conditions. 

'rh(*ir principal advantages lie in the extreme hardness of the 
cutting edgt's which ^'liable them to Ik* used at much higher cutting 
than alloy tool steels, but with rather finer fi*eds. Owing to 
their high degrt'o of abrasion n'sistance cemented carbide tipped tools 
can be list'd for long |H*ri(Hls on materials such as whiteinetal, fibre, 
('Umite, bakt'lite, etc., VNhich are known to wear alloy tool steels at 
a relatively high nitt*. In common with some of the latter tool steels, 
t't'mented carbide ones will o|K*rate sfitisfactorily at temperatures up 
t<i those of red-hot stwl without breakdown or alteration of their 
cutting pro|)erties. It is. however, essential that these tools are used 
on rigidly designed machines, free from vibrations in the w’ork and 
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r{X)l-hoIdmg fixtures or the iramework of t!ie machines; for this 
reason specially dcsigneii machines art^ necesj«irv for use with tungsten- 
I’alrbide tools, 

(Vmento<l carbide of the (^irl>oloy class can now Ih> extnukd in 
the form of tubing, spirals, nuind and sha]K>d bars in lengths up to 
20 in., and within a diameter range of tHtloin. to 0 ,‘175 in. rarlndov 
tubing can be made as small as O-Oti in. outsiih* diamet^T antj wall 
thickness of 0 (*15in. Hods of this material can also In* Umt, by a 
s|K‘cial proiess, to various shajK's, iiuluding that of a ring with the 
ends joined together. 

In (‘onne(‘tit)n with th(‘ use of cemented carbide tjf)s to steel fool 
‘thanks, this is usually effected by the method of <‘op|H*r brazing; the 
material should Ik* w('II supfxirted by the fool shatik when brazed into 
position. 

Normally cemented carbides are made in .several grades for various 
purposes from light to Jieavv maehining ojx'rations and standard tips 
with several rakes or (‘utting angles are provid(*d by tiu* itianufactunTs. 
Thus, in the t'ase of Ardoloy,* seven different grades are available for 
standard lij)s in four t(K)| rakes as follows: (1) (V)p|MT and aluminium, 
24': (2) mild steel, lf> ; (,‘l) ste<d (‘astings, ullf>y ste(*ls and light cuts 
in oast iron, S : (4) manganese steel, gun>inetal ami phos[>hor- bronze 
and for roughing cuts of cast iron, . 

The cuitiiuj with (*ement(Hl earbide-ti])|K‘d tools are the 

highest used for any tool mafcTials; tlH\v an* from 2 to 3 times those 
nt high-sp<x*d IS }M*r c(*nt tungsteji ste<*l tools. In this connection 
<Mitting sjKM'ds nj) to ItXK) ft. |H*r min. are ns(‘d for brass bar. aluminium 
and magnesium alloys, as again.st sjM^eds of 250 to 4(M)ft. jkt min. 
for tungst(*n steel tools. Bakelitc* and ebonite' an* ma(*hined at 
s|K‘edH up to 7<M) ft. |st min. and pon*(dain insulators at 10 to 20 ft. 
{>er min. 

Free-cutting mihl st(*<*l is machined at 300 to tXMlft, {XT min., 
whilst annealed alloy steels such as 3 jK*r (*ent nickel steel and nickel 
(‘hrome steels are *-ut at 2(Kt to 350 ft. jkt min. flard whi^e east-iron 
castings are machined at MKt to 120 ft. p<*r min., grey ca.st-iron ones 
at tXt to 120, and malleable iron (annealed) at 200 to :jtK> ft. fier min. 

Other materials that are machinable with cf‘rnente<l carbide tf)ol» 
include mi(*a insulation in electrical commutators, electnxle curbon, 
marble, stom*, ivory, coin])reH.‘x»d paper, rawhide and bakelite reinforced 
with lin€‘n. (Vmented carbide is al8(» uswl for wire-drawing dies, 
wearing surfaces of gauges, w'ork rests, ream<*r8, form tools, screwing 
tools, drills, milling cutters, etc. 

♦ Alfred Herbert Ltd., Coventry'. 
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TJio (‘uttiiiK HlK*e<ls re<‘oinmerKl(‘d for tlie cemented tungsten 
<urbide known as Ardoloy are given in Table 77. 

TABLE 77 

(’rTTiN<; Speeds for Ardolov Tipped Tools 


Material 

F('et per Minut 

(‘ast 4U UO tons tonsik 

StainlcHH steel- 


so 200 

Har 


100 200 

('astmgs 

( ‘hroino-iuokol steol and otla'r alloy 

to no tons 

(>0 100 

tensilo ...... 


1 00-200 

High-aj)eod .stool (aiinoalod) 


90-150 

MantfanoHo stocd (12"^ iuangarn*si') 

(’ast iron 


10 25 

*J(io HriiK'li ..... 


200 400 

riosi graiiMsl 


1.50 250 

na'ki'l iron 


20 50 

ritillcHi iron roils 


S 20 

Hi^h siliron iron 


20 00 

Pi'arlitic iron. 


15-50 

Mnlifuihlo iron 


100-500* 

('of)per . • 1 \ r . 

Soft hrasH . . • 

as inucbme 

will allow 

('iipr<» riH'kol 

Hard brass, |)hosplior buui/.e, inangaiu'so 

bron/o. trun- 

550 .500 

niotnl, .VdiniraltN bronze, e(<*. . 


7,50 1250 

Aluroimutii . . . .\s fa.->t 

as machitic 

util all(^v\ 

.•Miiiniimini alloys .... 


500 750 

St)ft niblwT ..... 


750 lotto 

Knnoid, ol»onite, bak<*lite, bard iiibbi'r, libr 

e, etc. 

.500 SOO 

Porcelain, rnurbU' 


10 .5<» 

Slato ... 


.5(t 100 

idass .... 


5(» 70 


Stellite 

This cutting inateriiil has in active use over a long [)eri()d. It 
consists of cobalt, chroniiuin, tungsten and carbon, and the alloy 
contains the cast carbides of tun gstiui and (^ hroiniiim i n a ground- 
work of chromium and -xobait., 1 1 like the high-sjH'cd tool steels 

is inherently hard and n'quims no heat«treatnient . 

Stellites may be regarded as cutting materials with prop<*rties 
intermediate iK'tween those of high-s|)eed t(H)l steel and the cemented 
carbides. They art* nearly as hard, at rcK)m tem|)erature, as the former, 
but softer than the latter, while alK»ve 550' i\ they are harder than 
high-speed tool steel but not as har d as, thoiurh actually tougher than, 
the t^m enteii carbideiT^ the latter, however, retain their red or hot 
hardness better tlfali other cutting materials. 
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The well-known (hnde 40 SUUiii contains 45 to |H*r ^‘fit ct^mlt, 
,10 to 35 per cent chromium, and 15 to [kt cent tungsten. Tlic alloy 
i-s melted in the electric furna(‘i" and cast into moulds : it is not suitable 
for rolling or forging. 

The degree of red-hardness is very Intdi as will Ih‘ seen from 
Fig. 140. At about (>00 (\ the hanlness (500 Briuell) is the same as 
that of the high-sjieed steel and ahoxe t lus tein|KTatun‘ if is su|H*nor. 



moreover, at l(MK) (' it ha.s th(‘ same li.inluc'ss as tin* liigh speod .ste(*l 
at S(K) C. 

Stellit<* is non-Miagiietic, non-forrodililc. n‘si^lant to fh<* majority 
of acids and possesses a low eo<‘ftieient of IrM-tion. It is used eitlier in 
the form of bits or tips brazed to shanks of O lO to 0-.55 jmt < ent earlsm 
steel or as tool hits mounted in suitabk liolder^ 'Fhe front and Mid<' 
(‘l(*arane<*H are about 0 an<l flu* tof> rakes are k<‘pf fairly low. 

Stellite is also unvil as a hard facing material for cnginecTs’ gauges^ 
aircraft and automobile* valve settings and laemtrs and also for the 
impact tips on valve stems . the (Jrade 00 is eTn]>loy<‘d for this purj>ose 
on account of its high erosion and heat resist iinee*. 'Fhe wearing 
surfaces of valve rocker arms and paeis an* oft<*n coated witli Stellite. 

The method of applying Stellite for hani facing is with the oxy- 
awtylene blowpipe or electric arc, the material b<*ing inciteel and run 
into position. 

»Some other applicatiems of Stellite imiude (he facing of lathe 
centres, bemling dies, burnishing hroaelu's for steel tnlM\s, cams, 
chuck jaws, header dies, hot drawing, blanking, shearing, trimming, 
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loriiuri^^ and upsetting' di<*s. hot flash shaving tools, hot puuchrs ai, 
shojir hladvs, nioriotyp<‘ moulds, snap gauges, ratchet gears, etc. 

'rhrc(! different grades of Stellite welding rod, namely. Nos. 1, »• 
and 12. are available for harfl facing purposes; the respective tensii. 
streuLdhs ar(‘ 22, US and III tons j)er sq. in, and Hockwell hardnesses 
('r4, (’ til and (’4fl. Th(‘ material may be laid on steel surfaces n, 
pra<‘tieally any tln<‘kness. 

in regard to the wechnnlca} propertien of the tool material, tht 
tensil(‘ strengtli of the Deloro-Stellite is 31*5 tons per sq. in.; com 
pre^sive strength, 130*0 tons per mp in.; Brinell hardness at nxnn 
temperatun*, <i00 , lvMekv\ell i* tiO to f)2 ; ('antilever strength (J iii 
s(j. hit v\i(h I in o\<*rhiing), 1*1 tons. 

Boron Carbide 

3'his extremely hard product of the tdeetric* furnace is a combination 
of th<* ran* metal boron and iarhon. It is .so hard that it is claimed 
t<^ Im‘ able to scratch oth(T cemented carbides, being the next hardest 
mabTial known to the diatnond It is unaife(*t(‘d by the strongest 
a«*i<ls an<l alkalis 'flie <‘ompre.ssi\ .strength is llf) tons ]ht sq. in. 
’['he coellicient of linear expan.sion i.s about two-thinls that of steel 
It is little aflected b\ temperatures up to ItKMt ('. and is lighter than 
aluminium. 

'fhe boron carbidi* grains are u.sed as abrasive products for grinding 
uhe(‘ls (for grinding (‘mmuited earl)id(‘ tools, etc.), abrasive pajKTS, etc. 
It can b<* melti'd to the liquid phase and is therefore useful for self- 
bouded arti<'l<‘s of <‘\treuu* banlness, e.g. ])ressure blast nozzles. It is 
particularly suitable for the uozzk's of sand blasting apparatus, and 
when moulded into pressure blast nozzles shows many thousand 
tim(‘s the wear resi.stanee of the U'st materials hitherto used for this 

purjMw 

Boron carbide is al.so used f(f»r wire-drawing dies as a substitute for 
the diamond for drawing very flue wims in various materials. In other 
appli(*ations where intrinsic Imrdne.ss and great wear resistanee are 
rotjnired this material is tinding new u.ses. e.g. as inserts, guides, tubes, 
etc. The material in (piestion was (IovcIoikhI in the laboratories of 
the Norton ('iv, Worcester, Ma.ss., U.S.A. 

Tunirsten-Cobalt-Iron Alloys 

A <Htferent tyjK' of laitting alloy developed under the name of 
Alk>y 54S by the Aineri<*an (kK.(\ contains no carbon. Normally it is 
t'omparativtdy soft and can he east, forged or rolled. It acquires its 
cutting hardness by the process of dispersion hardening in a similar 
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manner to duralumin. A t \ pi(‘al alIo\ ♦ of this ( (ass roiisists of 50 |H'r 
cent iron, 30 per (vnt cohalt and 2o |k‘r ecu! luimstoti It is heat- 
tmitcMl by rapid tiuonchinir from 1300 V and lcmiH‘i hardiMiin^ at 
000 C , to ^ive a Rockwell hardness ot ('(is {.ilHuit 72S Ormell). The 
hot hardness of this allo> has Ihhmi shown to lu* fiiLilici than that of 
hi^h-sj>eed tool steel. 

Die Steels 

There is a fairly wide rainje (»f sti‘i‘ls nstul toi the dit‘> <>{ pro.HHc.-^, 
inouldin^y inachitH's, hlankinu. tnmminir and llinvulinL" di(*s and 
punches, the actual irradi' of st(‘(‘l t*inplo\rd d<‘|H‘ndinL’ n|Hni the 
partieular duty to fK‘rforinc<l 

For some jinrposcs plain <‘arhon stt*cls sii,ta!'l\ Inal treated, are 
employed : th(*st* have carbon <-ontent^ oi‘0 () |M‘r <•( nt to I per <v‘n(, 
a(‘C(>rdiim to the nature of the work napiired d’la* follow iiu; (ahl(» 
may serve as a rou^h truide in this cDnneetion 

TAIU.K 7s 
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Jn gener.d tlie liardnoss and resistan<<* to wear or abrasion, of a 
die steel increase with the carbon (onl(*n1, but the (on^hiiess is 
lowered, so that tlie sletd must he ^elrated with the nM>H| suitable 
carbon content to j.cive th<‘ napiired d<‘^^ree of liardness and tou^diness. 

The alloy di<* steels an* <*mplo\<*d in instances where the working 
conditions are sufheientlv severe to limit .ipprenahlv the usi'fnl life 
of dies, punches, etc., inad<‘ in earlwm st<*els. From what has lieen 
mentioned in the earlier part of this ehapt<T, tin* eHeets of the various 
alloying eleiiH'nts are to impart, in <*aeli ease, dt'sirahle eharae1(‘riHtie8, 
such as improved toughne.ss, hardness. 1«*nsile strength, shoek-resisl- 
ance, to the sbH‘I. 

In the case of large dies the addition of ehrominin, iiji to alnnit 
3| p'r wnt, to steel not only iiuTeascs the wear resistaiifi* an<l hardness, 

• “Surv’ey of More Recently I>ev eloped Material-<,'* H. W. Pnuler, 

Wi/d Barfield Heat Treatment Journal, Septeinh^-T, 103a, 
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but jilso (‘nabl<‘s lari^er sizew of dies to be hardened uniformly throii^i, 
out. VV'itlj still hi^^lier chroinium eonteni a highly satisfactory stet. 
is obtained for drawing, forging and cold trimming dies, suitable foi 
working upon higlt-tensilo alloy steels. 

The \v«‘ar r(‘sistan(‘(' of die st/Cel is also increased by the addition of 
iungsitn, usually about 1 ])er cent of this element is employed fo) 
this ])urpose in plain carbon steels employed for punches and dies 
8ubj<*et to sev(‘re vsorking conditions, e.g. for the production of large 
ijiiantitics of eoiuponents. 

A hitjfor ptrcentufje of tumjsten, namely, from to 10 |jer cent, 
vivt‘N still greater wear resist an(*e and has the additional advantage 
ot enabling the* parts made therefrom to o|KTate at elevated tempera- 
turt's without losing hardness. 

A spivnd ijmdv of hUjh-chromium steel containing small pereentagcn 
i>f other el<*m(‘nts, known as Firth's Diehard, is recommended for 
blankiiuf, drawing and forming ])unches and dies, cold trimming dies, 
built up blanking di(‘s, and dies for drop forging hard materials such 
as aUunltsa steels. Funches and dies of this st(*cl are sj[)ecially resistant 
to abrasioi\. 

Ijoiv iunijsU nehronimw steels are used for h(‘avy punching work 
an<l for pn'ssing op<‘rations (m stainl<‘ss steels of the “Staybrite" class. 

Medium tumjsteu ehrominm sto(‘ls arc employed for cartridge 
drawing dies and in g<‘n<‘ral for the working of brass and co])per. 

lli(jh tumjsti u-chromium sttH'Is art* es|K'cially appli(‘able for hot and 
cold forming dies for copper, brass, bronzes and similar alloys; for 
<lies list'd in making intricate stampings; hot rivet, nut and bolt dies; 
hot and cold h<‘av y tluty punches anti shears ; extruding dies for brass 
and otlicr allt)\s ; dies for dic^castimj aluminium, brass and zinc alloys, 
anti, incidentally, ft)r springs working at elevated temperatures. 

Mon* ret't*ni high-grade die steels t'tmtain chroinium, nickel and 
vanadium, tin* lattt*r elcnu'ut lK*ing atltletl to jirtnide a wide range of 
ht'at -treatment and toinhiliit excessive grain growth. The molybdenum 
is ernployt'ti to givt* a high hardness numlH*r and improved hardness 
after tt*mjH*ring. A typical lu'at -treatment is pack hardening and air 
quenching from ttSd followed by temjx'ring at 205' C. for 3 hours. 
This give^ a hardness of about 850 Hrinell, with practically negligible 
ilistortiim. 

Non^ahrinking Steels 

These sti'cls are charai*terizetl by their very low slirinkage after 
heat -treatment and comparative absc'iice of warping or distortion, 
provided the correct heat -treatment process is employed. Such steels 



ftPKOfAL ALUn- STKKLS 297 

usually have about I '9 |M.*r eeu^ o{ rarhon aiul h»\\ ttuursteii anil 
chriuniuiii i.'tuitent. 

A typical jiemuitage comiKwition is as follows: (\ I tl; Mn, I tK) 
to 1-25 ; W. 0-5: ('r, 0-5. This sltH'l is annealed after forginir aiul prior 
to machining by heating slowly to H(H) C\and soaking at this teinjxT- 
ature for a suflicient }HTi(Kl of time to allow <‘omplett' heat ]>t*netration. 
It is then allowed to cool in the furmur or in infusional eartli, mica, 
lime, or any similar medium that will |R‘rmit of uniform slow cooling. 

The stetd is hait-tnaUd by lieating it very slowly to a dark red heat 
(alx)ut (>5() (\), and then raising the tem|H‘rature more lapidlv to 
78S to 815' C., holding it at tins tenuHTature for I'oinplele |M*ne. 
t rat ion of heat . 

It is then (pumched from this tem|M*ratnrt‘ in li dd oil, but it is not 
eiHiled Indow the tem}K‘rature of lK»ilmg water (IlM) t’ ). 

TemiXTing is earried out by ndieating immediately in oil or other 
lieating nualium at a teinjHTatnre of KiH ('. tt> 2ot bolding for 
one half-honr and ([iienehing in hot wafer IntriecJi (»r small seetions 
are quenched in oil or air. 

Other eommereial non-shrinking steels are preheated to 78tl -StHT (’. 
and after soaking at this t<‘m}HTature are heated qniiklx to KHMl / 
1050 (’. and cooled in an aii blast. Tem|KTing at 25t) ('. tlien 
fol\)W’S. 

Non-shrinking steels are (‘inployed for di(‘s and punches ot delicate 
design; di(\s for moulding plastic materials, small and (*omplieated 
gauge.s and jigs, taps, blanking and tlireadiuL^ dies; and for s)M>eiaI 
shear blades, eoM press dies, ami pnnehc*s. 

Special Chisel Steels 

Following an e\t<*nsive researeh* info the projKTties of steals 
suitable for cold chisels for locomotive works' use, a nickel steel was 
devek)|K*d, having excellent }irojK*rtieK. I’he jKTeentaLre e<un|Mmition 
of this steed was as follows: (\ OdfS to 0-42; .Mn, 0-0 (max,); Ni, 
3 0 to 3*5. The 1110 .*^! .sati.sfactory results wen; obtained by heating the 
whole of the tool to 9(Kr/950'M\ and queneliing the eutting ]M)riion 
for alxmt 4 in. in raw' linseed oil. Before heating for (juenehing the 
eutting edge should be* ground after forging and not after heat -treat- 
ment. When heat-treat(Hl the eutting edge had a inaxinnnn diamond 
hardness of 700, the hardness diminishing, progre..ssivc‘Iy, from the 
edge to a value of about 400 at 1 J in. from the edge. In Hiihsequeiit 
use the steel becomes work-hardened.’* Another suifahle chised 
steel, developed by Messrs. Samuel OslK)m, Ltd., with a view' to 
• Presidential Address, Inst. Meeh. Kngrs., Sir H. Fowlf-r, 1927. 
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re.sistiiiL^ “ inuHhrooiiiinjj:” of the hoiwi, but without any tendeiu x s 
brittl(‘!H*'4'7 is <i .‘ti pt*r coiit iii<'kt*l-c*hroiniuin steel. The heat-treatin* < 
nMoiuint'tuh'd is as follows - 

‘ After for^inj, heat tli<‘ head of the tool to (>50H\ (a dull n . 
heat) aiul allow to eool. Tliis will produce a softened head, hut oi.f 
which will lx* siiftici»‘nt ly toujzh to prevent excessive spreading. Tl,* 
hardening is etfeiled by lu'ating the (‘utting tnlge to a tt‘ni})eratur(‘ n\ 
tMM) 'hr)0 (\ (light nal heat) and allowing the tool to eool naturalK 
in air ” 

After this tn'atnient the cutting edge (‘an he filed. A chisel of thi" 
St (‘(/I has he«‘n driv(‘n cold through a 2.\ in. block of 30-toiis tensile 
str^*ngth steel without damaging the edge or spreading the head. 

I 

I 

V/ Spring Steels 

y 'Fhe nio.st suit. I hie materials for springs are those that can store 
up th(* grcat<*st amount of w<irk, or energy, in a given weight or volunit* 
of spring material, without ptTmarient deformation. 

Steel for springs should hav<‘as higli an elastic limit as possible, and 
a (‘orn*sponding high ({(‘formation or detleetion value: furtluT, it i- 
ess<‘nti4il lor aircraft and autoinohile purposi's that the spring ste(‘l 
should posse's^ m.ivimum strength against fatigue effects and shocks. 

'l’ht‘ st(‘(‘ls most commonly (‘inploycMl for spring-making pur])oses 
ineinde the high earhon st<‘t‘ls, (hroine-vanadinm, silieon-(‘hr()in(‘, 
silieo-mangancM' and mangan(*s»‘-(*hr()me st(‘(‘ls, 

('arhun Siuls. Carhon spring steid.s posst‘ss the advantage that 
they art' comparatively cheap to make and (‘any to manipulate, 
inoreoxer, tlu'v giNt‘ sal isf.ictorx results for very many (’ommereial 
pnrp( )s(’s. 

The carlxni content ii(‘|HMids ii|M)n the purpose of the steel and 
nsimlly lies ht'tween OtJ and 11 ]M*r cent, with ()-2 to t>*5 jK*r cent 
silic(Ui and t) (> to M> |H‘r c(Mit mangan(‘s(‘. Carbon vspring steels are made 
from til*' high<\st grad*‘s of iron, sm h as Swedish irons, with suitable 
additions of carhon and otlu*r const it u(*nts. 

These steels are 'oil or water quem hed from 7 SO (\ to S40" C. — 
according to tlu' **om|M>sition and afterwards tem|HTed at 200' C. 
to 500 ('. to suit the particular apfdication. 

.V txpical carlxin spring .steel is that conforming to D.T.I). 5A 
(wire) and has the following ]H*reentuge eonijK)sition ; (\ 0-7 to 0-8; 
Si. 0*5 (mav.): Mn. 1-0 (max.). VV'hen oil-hardened at 7S0' C. it has 
a tensil*' .stn'ngth of 05 to I2t) lon.s |H*r sq. in. 

Th«' earlhin spring sietds art' for laininateti springs for looo- 

inoti\*‘s. carnages, wagtais, and soint'times for heavy road vehiele 
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**prm«nig ])ur|K)8es Tlu‘ hiu:lu'i raihon cunioiw oil st 4 M‘ls aro 

used tor volute spiral <ind (‘oniral spnui»s and toi ititaiii tV|K*s t»f 
l>etn»l engine inlet v.d\(‘ sprintrs 

Chtomf-vatia<JtHm Sfn I Thi*' lH*loni»s to tlu‘ In^li ({uaiit\ spring 
^teel elass and eontams ftoin 0 4 o to <» .Vi jhu <♦ ni larhon (M.Hi to I 2 
jKT cent chromium 0 lo to d 2 o |mt ttuit Naiuulium 0 *M) to 0 50 
jKT < ent silicon 0 .>t) to 0 s(l |H‘r i< nt nunuianest* 'I'lu st<‘el mentioiK d 
irives unitormitx m liaid(‘nin«jf and tri'inloin liom mtcTiial stn^sses It 
has a hi^h elastn limit .ind risisiamc* to tatiiriu an<l iiupa I slrcHscs^ 
moreov'er, it mculinu‘s without diOuuitv .mil um Ik' ^i\ei .i uuHith 
surtaie tree fiom tool m.ukv 

The followniLJ lesults win obtained troiii a 1 0 ixt iiait ihionnum 
anil 0 15 |M*r lent vanadium spmij/ stool* whnli was haidened and 
tempered to luvc the tlnn diOoM nt lirinoll hmlnesK valuos stated; 
a further spi mien was <h hherati Iv qiumhed Itom 150 V above the 
lorreit tempi ratlin and tempi i»d to luvo about too Hmi' ll 

r\iu.K ;m 
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If these results ni (ompariil with thosi niMui lor sduo manganese 
steel on [la^ie 50l it will lx s( < n tlud for simil.ir linm II haidness or 
tensile strenji^th v.ilues thw stu I Ins a hiuhii ilasin limit, a sh^htlv 
higher elastn modulus ,md a distiintlv hit^hi r lesistaiin to failure liy 
impai t 

The strength projwrtie'-. of < hrome van.idium spruijj^ ^tee| of the 
following composition, namelv (' 0 45 to 0 55 Mn O H5 to l(M), 
Cr, I tM) to I 25 and V O 15 to O 2<t are shown m I-5 l" I 14 * 

This steel was oil-quein bed from S5<l (’ 

In general the tensile striuigtli of the oilipnmhed i hronie- 
vunadiuni spring steels at H50 to S70 (’ varies from tM) to 1 10 tons 
jier sq in 

* Tloail Velui ll* Spnni^H,” S Si < n Ia<i , Sin flielil 

Vutiaiiitim in Steel,” High Sjxsvl St<s*J \llovs Ltd , U idiit's. 
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This is for^'rd iM'tvvoen 1050 - I KM) (\ down to 900^0. (hiio i 
It is hHnl<‘iH‘d, as stat('(l, by nil quem-hin^ at 850'' to 870 aiui 
t#‘tn}K n*<l for voliich* and <)tli(*r spring purposes at 470” to 510 (\ 
(Uuonu*- vanadium spring steel is used for motor car Jarninat<*<{ 
and coil s[)rings for susfiension purposes, automobile and aircrair 
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cnu;in(‘ valvt* springs, aiai in t^eneiMl tor liiirh-^rade engineering coil 
and liUninatetl springs' etc*. 

Silieo-rhrome Shd. This spring steel, although not so good as 
tin* chrome-vanadi\in\ and silico-inangauese steels, has iK'en used in 
the past in preftavnee to hich-carlxui stt»els. 

The |XM'(‘entage compositions lie lyet\\(Hm the following limits, 
namely. tM)*55 to d bo; Si, 0-5 to t)-9 ; Mn. 0-4 to 0-8: (V, 0-5 to 0*8. 

Wlien heat-treated by oil-tjuenching at vS2() C. and tempering at 
550 (\ to (HK)' t\. it has a yiehi |H»int of 40 45 tons per sq. in. ; tensile 
strength of bO 75 tons |kt sq. iii. ; elongation of (2 in. X 0-564 in. 
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diam.), 15 18 jx*r leiit . nHhution tdamt* 4(» 45 rent, and Brinell 
hardiu‘ss of 250 540. 

This sUh* 1 is suit;* hie for leaf spring?, tor motor vehieles and rail- 
cars, also for sns|XMision and (‘ompivssion iielical springs for uuHlium 
duty pur|K)ses. 

Stlicif-wangau^.st Stnl. This is a !ii^h-^ra<lt» spring steel containing 
from i'S to 2*0 ]xt cent of silicon and 0*8 to TO [ht (vnt of mangancHe 
with about 0 5 to 0*0 ]xt cent carbon. It is lh<‘ usual standard quality 
modern spring mat<Tial. and is much used for many engitu'ering 
purposes Tlu‘ result.'^ ol t<‘sts made upon samples of this steel heat- 
treate<i so as to luvc tlic Uriiadl hardness valut‘s stated are a.t Tollcjws-- 

TABLK so 

Sh. i('u-\nN(. \ m:si: Sti:i:i.s I'kst Kkm lts 
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'rhi> steel is ioi'LM'd at Ittotl I I(M) down to IKHT (', (mm.). It is 
hi'at -tnvited b\ oil (juenehing at- tMH) (' and tmnpt^red at 5(H) 550'*(\ 

Mamjaaix* hrantt Stul. I'his more recently introdiK'cd spring 
st<‘el is used as an allernative to silic(»-mangaiH‘sc steel, and has certain 
nuTits of its own. It has <ihout the .sain(‘ general mechanical jirojxTties 
as the latter steel and is iu'at -treated by oil-quenehing at S20 (’. and 
tempering at the .somewhat lower temperatures of 410 150 ('. 

Aircraft Engine Valve Springs 

These are u-'UallN made of tin* 5A carlaui steel, previously 

mentioned, or of eliriune-vanadium steel i-ontaining 0*40 to 0*50 C, 
1*0 to 1*5 (Y, and 0*15 V (|K*reentages). 'Hie s|>rings are wound soft 
and afterwards heat -treatiMl to give a tensile strength of IK) to 120 
tons ]x*r sq. in. It is inqMjrtant to reject any springs showing surface? 
defects, as th<*s(‘ invariably lead to failure; the* magn<*tie method of 
testing is now einjiloyed for dedeeting such defects. The win* employed 
for high-grade valve H])rings is ground and cadmium jilatexi. In ordcif 
to avoid any ]>ossibility of spring failure aircraft engines have more 
recently Ix^en using an oil-hardene<l and temjXTed carbon steel (065 to 
0*70 (’), which is coiled first and heat-treaU»d afterwards, to give a 
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(♦Misilt* strMitrth ton.-i |>(‘r s(|. in. (min.) with S jkt cent elonjration 
This n!{it<‘njil is similar t<) that uhihI with hijihly satisfactory result^ 
on aiitoinobilc cn^nnos, when* failures are extn‘mely rare. The s])rini^^ 
are .shot* blasted for 'M) min., with in. diameter shot and 2(1 lb. ]H‘r 
stj. in air prc's-sun* ; this operation results in surface hardening which 
rt*sults in an increase in fatigue .str(*ngth uj) to 25 ])er cent.’*' 

'I’he carbon stca*! win*, when tmwle from Swedish iron by the aei<l 
oiK*ri-la*arth pro(*es.s, i.s singidarly free from inclusions, but it is essential 
to ri'inove any surfact* marks i)r d(‘feets which otherwise would eaust* 
fatigue (Tacks, by shot -blasting which is (‘(piivalent to ball-peaning in 
its smoothing and hard(‘ning etf(‘cts. Tin* results of this shot- blast inu^ 
have been shown to increase the fatigue stress range. Thus, in tlu* 
case of a high erad(‘ carbon spring ste(*l widely used for motor ear 
(‘ugim* val\(‘ sprint^s the fatigiu* rang(* bidore shot -blasting on a testing 
imu'hine w is U to .‘11 Ions |M‘r s(j in,, and aft(*r ^h()t-bla.sting, t) to 51 
tons per .s(j, in 'The sfirings are usually l(‘st(*d tor snrfa(‘e d(*feets bv 
the .Magnathix magnetic detection method. Ix'tbre passing for serviet*. 
Stainh's.s steel has be(‘n employi'd. e\p(‘rim('ntally, for valve sjirings on 
ac('ount of its corrosion n*.sistane(‘ (jiialities, but its lower fatigue resist- 
ance has fiitherto been its principal dr.iwbaek to mon* geiuTal use. 

VI. Valve Steels 

I lie '.alvi'.s ol int<‘rnal I'ombustion (‘neinc's work under sotni'what 
exj((*ting condition> in n'^ard to hieli opi'rating tfunjxTat urc's, rep(*ated 
impacts at hiizh fre(juenci(*s, W(Mr (‘fleets and (‘\]»osiire to t'orrosiv'C 
hot ga.ses, 

1 Ik* inlc’t vaUi* around which flows tiu* n*lativi‘lv cool fu(*l-air 
mixtun* during tlu* induction strokt* has appn*(‘iablv low'er W'orking 
t(*m jK*rat un* than tin* exhaust val\(‘. which in mod(*rn (‘ngines inav 
a(*tuailv run at a red IkmI in sona* instaiici'.s. usualK' its tem{K*rature 
lies betw(*«‘n 7r>0 (' and sr>0 i\ uiuhT full powtT conditions. The 
exhaust gasi's contain carbon dioxide and steam : these have a corrosive 
action upon the vaKi* material. With l(*aded fuels, tlu* lt*ad salts also 
Irnvt* a clu'inieal aetiiht on the valve .steel. Tlu* (hxsirahli* (jualities for 
a suitable (‘xhaiist valvi* material an*. bri(*tly, as follows; (1) Ma.xi- 
mum ti'usile strength at working (<‘m}M*ratun‘s : (2) maximum impart 
or notclu'd bar valm*; (3) tniuiinum .scaling or corrosive tendency; 
(4) ease of forging, and (5) fn‘<‘dom from inelusions or (Tacks. 

I'he ird(*t valvt* should also |H>s,ses.s similar qualities, hut the resist- 
an(*e to (‘orrosion is unim|MT!ant sin(*i* only tlu* valve head is here 

♦ “MatermU ct Aircraft ( oast rm t ion." H. ,1. (iougli. Atron, Sor, Juurn., 



SPECIAL \LLOy STEEIS 


303 


coiKWied Usuallv a nickel-< hroine hmh toiisik stool is (juito ^intahlo 
for the inlet val\c and this t\|K' of sttn 1 is iiiik h u*<t»d in autoinohilo 
practue On the othei hand in a h w tasis iht inkt \aKo i*; made of 
the same inatonal as the oxhaust ^ il\t in oidoi to hi< ilitato intor- 
ohangeabilit\ and to simjihlx the matter ol spaio parts 

In the past xarious materials used foi \al\(*s Imo nu lud(‘d plain 
(arbon steels, low-niekol and tm k< 1 ( hromiiim stoi Is ordmarx stools 
With cast-iron heads tinigsttn stainless silu on i hromo lobalt-chromo 
and high niokel-( hrominm steeds \s \ n suit ot much nixe ^tigation 
and oxpiTieiice xxith th<*s(‘ in denials modem hiirh sjKSMi jwdiol e iginos 
emplox certain <illo\ ste‘<‘ls tea their e \h lUst xdxes pe>sst , mg the 
de sired qualitie's 

It max be t>f interest to mxe i brief snmmiiv eij the‘ ie‘snlts of a 
fairh extensive «inel eomple'te se ne s ot tests* n]Hm \ dx«* ste eds suitable 
fe)r high-s|KH‘d engine's the le'sults of this mxe'stig o n atbml a usednl 
guide to the seketion ed the‘ men< suitable x.ilxe stesls 

The ste*els used toge*thei x\ith then inalxses mel hesd tieatmenits 
are' given in Tible si 
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0 ) 
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The high nickel e hromium steels belong to the austenitic edass 
and, in general, are rather sedter than most of the <dher Mesds, and 
therefore have not sneh goenl wealing (|uali(ie*s Morf'ove'r thev have 
higher expansion eex*fli( miits a faetor whuh is a disadvantage in 
certain tx^pes of engines On the othe'r hand thc'X are Iietter able to 
retain their strenirth at high tf miK'ratnre's anel re'sist lied eorrosion 
satisfaetoril} . 


\ al\ e HtooU,” P B UoriKiiaw Journ fiv*/ itron Soc ^ 1926 
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The mechanical properties of the valve steels given in Table 81 
at atraoHj>heric temperatures, are given in Table 82. 

TABLE 82 

MK<H^MrAL l*KnF*LRTlES OF VaL\ E StEELS {(’oLD) 




3"„ UK krl ohroiiK' 
StiUUlOMS 
SiIk'Uu < hroinu 
('hn»mo 1 
(Vthalf rhiuuio 

HlJJfk SfM'f'd 

iiK kol < hroiuo 
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Tons 
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47 

‘ 4H H 

Til 

m 
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42 
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42 
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I'oilsilc 
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Elonp I 

of 

on 2 lu 1 

.Vroci 
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per rent 

23 
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24 

r>s 1 

21 

40 

24 o j 

rr> 

13 

22 

ir> 

24 

27 
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Hiirioll Impact 
I Ft ll> 


2.75 

66 

228 

50 

302 

9 

228 

2S 

2.75 

4 

2t)9 

.7 

269 

57 


The steels in (piestion (annot, of (‘ourso be judged from their cold 
lest pr(»perties alone, since the\ have to opeiMte under high lempeT- 
ature conditions, namely, between about 700 and 850 (\ in moat 
instances It is theretore necessai y to <*(unpare their strength properties 
under working temix'rature conditions, as , shown in T.ihle 83. 

T\BI.E H3 

Mki'H\M( m PiiorEH'i ies oi \ \i\i SiLi.Ls (Hor) 
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1 4 5 

10 2 
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7 9 
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10 7 

7 2 i 

{ 3 9 
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I * 

7 2 

1 

24 h 

10 0 

,7 S 

81 

21 3 

9 S 

7 7 

8 5 

33 S 

) 24 0 , 

19 4 1 

15 0 


Since the projx'rties of possible steels tor \al\e purposes are of the 
greatest imjxirtanee at high temperatures, a summary of the test 
results for the steels gi\eii in Table 81 is included, these results are 
shown in Table 84 and indicate the strengths, hardnesses and ductilities 
at the high temperatures of 850' 0. and 9(W C. — temperatures above 
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TABLK H4 
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those likel\ to <>(•< iir ifi the (.isc ol onimarv |M‘t!ol .in<l l)ieM*l engines. 
The results indicate tin* isU])eriont,\ of tiu hit^h niekel-ehroine steel in 
tensile stn'iiLdli eonihined vMih ^ood <hietility and hardiH'ss, and a 
satisfactory iin]><H‘t ^al^e It also })oss(*sses excellent anti*sealing 
propTties, being s(*(‘ond onl\ to silieonafirona* ste(‘l in this resjieot. 
The high ni(‘kebehroine steel (‘xhibits tlic‘ eh, UMct eristic stiflening effect 
of the air-hardening steels .at about (’ , this is apparent by the 
rediKvd elongation tit this teni]HT<itnre All air-h,irdf‘ning steels, it 
may be noted -with th(‘ exception of siIk on-( hiorm* stec*! reach their 
lowest hardness at tt(H) . at S5n (’. thc\ ail show signs of “stiffen- 
ing" again. Silicon-chrome steel, on the otluT hand, begins to harden 
a little at 950 (\ and reaches its maximum hanlness at KKK) ; it 
is fully hard when cooled from the latter t<‘mperature. Another 
important projierty f)f silicon -chrome sti*(*l is its high notched bar 
(Izod impact test) value at high tenijKT.it ures Although, as shown by 
the results in Table S4, the value is only 4 ft .-lb at 15^ it increases 
with temjierature to 77/78 t1 .-lb. at IHXf C , being over twice the value 
for high niekel-ehroine ste(*l The fuily drawback to the use of this 
steel for valves is the possibility of breaking a valve wdum starting the 
engine from the cold ; in this resfK‘<-t the high niekcd-ehrome steel has 
a marked advantage in its high “cokr’ impact strength. 

In regard to the expansion coeflBeient s lor t he valvi* steels considered, 
these are practically the same for all the steels, between 0'^ C. and 800® 
C., with the exception of the high niekel-ehroine steel, the value for 
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which is about 20 |X‘r (rut greater at 8(K)' C‘. than for the other steels . 
at too i\ the exj)ansion em^flieieut is about 40 |)er cent greate^r. 

A giMu ral coneluHion that <‘an 1 k‘ made from the results given is 
tliat th(‘ high uiekel-chrome steel has the best all-round qualities for 
an (‘xhausf \<dve steel of tin* steels t<‘sted : these results have also btrn 
eontirm(‘d t»y j)ra(‘tieal t(‘sts with (‘xhaust valves made of this material , 
another point ifi its favour i'^ tliat it is about the easiest of the steeds 
<o!isider(*d to make into valvr forgings. 

Some Typical Modem Valve Steels 

\part from the higli Mi<‘kel-(hrom(' or h(‘at-r(‘sisting steels con- 
M<l<*ird, oth(T steels that have iriven vaTV good results in automobile 
engiiK's an* the siheon-ehroim* <in(‘s pr(*viouslv mentioned ; these steels, 
nt various (‘om posit ions, an* standardi/rd to S.A.K. Sjiecifications in 
America, .md an* knovMi as Silehrome ste<*ls, typical modern steels of 
this group usod for (‘xhaiiNt valves on Am<‘ri(‘an ear engines are 8il-X. 
Sil-I, Sil XH and Sil X(d{ 'I’la* following are the p('rc(‘ntage coinp(>si- 
tions ot the thna* latti*!* salve stirls. 

TABLK So 

( 'oVIl’OSlTloNs ^)l^ SllJC’ONO IIKOMK StKKLS 
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two latter st(*t‘ls ,ire superior to Silehrome No. 1 as v'alve mate- 
rials, the Silehrome X('K Iring the Irst exhaust valve steel and 
(‘oming next to (he Stelhte-faeed valves in its hardness and wear- 
resisting projH'rt ies ; it has a eoeflieient of expansion between the 
ferritic and austenitic steels but a rather low' impact value. 

77n amtenitir valrt ntveis, e.g, high nickel-chrome, are used for high- 
duty engines, in conjum'tion with Stellited v^alv'e scatings, but proper 
allowance must he made for their higher expansion coefficient ; in this 
respect it is necessary to give the v'alve stems a high surface finish 
in order to avoid valve guide ‘*piok-up'’ or sticking effect . The thermal 
conductivity of th(*se sttx'ls i.'; lower than for silicon-chrome ones, so 
that the valves tend to run Indter than the latter in practice. 

A typical austenitic valve steel, conforming to the Air Ministry 
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D.T. n. 40 b S|x*citication has the folKiwing iK'reenta^e e<)!n|x>sifion : 
(\ 0*35 to 045: (V, 124 to 14-5: Xi. 12 5 to 14*5; Mn, 0*5 to 10; 
Si, 1*(H) to 1*75; W, 2 (Kt to .‘HKh 

In the ease of austenitic valves it is ncfvssarv to provide the valve 
stem with a hardened tip tor the tap|H*t ecait.u*! area. It is !U>w usual 
to >\eld a button oi hardened steel or to Stell.te tlu' ti]> of the stem; 



as the Stellite has a rather ]>oor iinpaet \ahie. the hanh‘iH*d st<‘el tip 
is genera II \ preferable. 

Mention shouhl also lu* niad(‘ of th(‘ sodium-tilled valv(‘s ustai for 
hi^h-duty aircraft enuines. An austenitic steel valv(\ with hollow 
stt'TU containing sodium, a hardencal steel \al\e sl<*m button and a 
Stellited face, is often (*mployed for this purpose (Fi^^ I 15). 

A ty])ieal austenitii* st<*el us(m 1 for aircraft enjzine exhaust valvi's 
is one containing \i, 13-0 p(‘r cent. (V. I3 tt pcT (‘ent , ami VV. 2*5 [K*r 
cent. The stem is sodium-filleil and itse.xterior is nitrided. The iK'adand 
seating fat'c in some cases an* 'oven'd with an St) 2t) p(‘r cent nicktd- 
chrome alloy ; the seating emploved with this t y|M' of valvt* is Stellited, 

Exjx*riments have also lK*en made with exhaust valves made 
entirely of 80/20 nickel-chrome allo> . 

The use of a high expansion (*oeftieient nickel-chromium-maiiganew* 
steel for valve insert rings of aluminium eylin<l(‘r heads is another 
more recent development in aircraft engine d<‘sign. 

Steeb Containing Beryllium 

Small percentages of Iktv Ilium in association with chromium and 
nickel have been found* t(» improve the corrosion resistance of iron 

• “ Berylliuin and Its Alloys,’* H. A. Slornnii. Mrtol Imluatrift 23rd 
February, 1934. 
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alloyn ho that they are practically as good as the stainless steels, whi^' 
at the same time possessing excellent strength, hardness and elasticii \ 
A typi<'al example is that of an iron alloy having 12 per cent chrornnn 
5 {HT cent niclo^l and I jkt <‘ent beryllium, which attains the temjx i 
of high-s})<*(‘(i ste(*l after ageing. 

Another alloy having 30 [rt cent nickel and I per cent Iwyllnin 
n‘s<‘mbles the Invar and in additiiai to excellent corrosio) 

rehiHfanc(‘, has a liigh tensile* strength when suitably tempered. 

It is of interest to nott* that c(‘rtain beryllium -iron alloys containing 
no carbon ]K)ssess a|)precial)l(‘ r(*sidnal magnetism. 
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Nitrogen as a Hardening Agent 

It ^\a.s knoHn as long ago as l<HVi that iron whrn hcativl to mlnesa 
in contact with ammonia would rcadilv ahsorl) nitrogen. It was 
established some twenty years later by Fry o ( Kssimi that there were 
several jx^ssible iron-nit rog<Mi (‘ombinations. eg. Fe^jX and Fo^N, as 
well as a solid soluthm of low nitrogen content It was also demon- 
strated that steels which liavc* absorlK'd nitrogen e\}K»rienml a peri- 
tectoidio change^ at a (hdimte tem|MTatnr(‘. nam(‘ly, r)SO (\ for inni 
and from b(K) (\ upwards for allo\ stt'eh. such that if nitrogen is 
absorlx'd below’ tins change-temfHTat un* if enters nitt» a solid solution 
as distinct from a nitride. 

The process of evposing steeds to nitr >gi‘n containing gases such ns 
ammonia at the afiprotiriate Icunperatures. for dediniU* ]s*riods of time, 
followed by cpienching. is known as the* SUruUmj PntcvsH, aiui the 
alloy steels employed for this proec^ss are (hdiiu'd as XitralfoyM. Among 
thr steels that wc're investigated by Frs w(*re those* (‘ontaining alu- 
minium. chromium, molybd(‘nnin. tungsten, titanium and vanadium, 
and it was shown that such st(‘els formcsl nitride's of high nitrogen 
content Of tlu'sc* elena'iits, aluminium was found to give the best 
res])onse to nitriding, Isith in the amount of nitrogen absorls'd and in 
the stability of the aluminium nitride formcsl, even when heated t-o 
ItHXf It is not, howe\(‘r, ess(»ntial for a st(‘el to (‘ontain aluminium, 
there being .several alternative alloy ste<‘|s uscai for nitridmg purjKisc's 
which contain other elements than aluminium. Tlx* more recent 
Nitralloy steels liave iinjircnc'd mechanical pro]H‘rties for the core and 
better machinability. 

Briefly, the process of iiitriding c’onsi.sts in exposing the machined 
parts to the action of ammonia gas in an eleetne lurnacc at a temper- 
ature of about 5<X) O. for a j)eri()d of 4t) to ItXf hours, (lej)ending upon 
the depth of case recpiircd , the latter iiUTcases with the jKsriod of 
exposure up to a de[>th of about B in. (O K mm.) for KKj hours 
exposure. 

Advantages of Nitriding 

The principal advantage of this process, when a[)])li<‘d to suitable 
alloy steels, is that the ease obtained is much harder than fhat which is 
possible tvith the best case-hordening steels. The hardness is such that 
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the etise will cut glass. Tin* hardness values i‘onverted from readings 
<>f a Herl)ert pcuiduluiu hardness tester raiige troni JHHl to I UK) Brinell, 
and with the Shoi-e seIeroseo|H‘ readings, lo2 to 113. 

The following eoin})arative hardness values^ art‘ givc‘n for a nitro- 
gen-haniening stw^l and some of tlu* hanh'st other stt't‘ls an(i east 
irons — 

TVHLK M*> 

Hardness Wi.tkn ok Steels wd Cast Irons 


Matonal 


I >iainon(l Mu. << ii»hhi 
NmntM‘1 


Nitrallov .... I();n> ii.V) 

(’liroine-vaiiiuiium (O ."i |0('r. n i? \’ ) ('is«' 

luinioiK'd SUO IRM) 

Hig)i-spo<Mi tool stt'ol. llanltMiiMl , sun 

1 oarhoii tool stool. Hjinlono<l HoU tMH> 

T(U )1 stool ( 1 : 2 % (V; I \ t M. 

< ’arhon stool. ( ‘aso-lianl<‘no«l 7oe S.7n 

llartl white (•a’^t iron . . . . TiOn 

(iroy oast iron . . . . . 1.M0 


On account of its superior hardness the nitrided case has superior 
we(ring qu/iUtiifi to oth(*r hard surfaced steels. Thus, if has In^en 
shown, in connection with wear tesLs made on an AmsliT* inai^hine umier 
a load of SO kilos, that the wears in emit igra mines of ca.se-hardeiuMl 
chrome, nickf'l-molybdmium, chrome-vanadium and chrome-nickel- 
molyhdenum st(*els wen* 2 {tS, 2*47, 2-OS, and 2-70 resp<‘ctively, whilst 
for Xitralloy steel no mt‘asurahle wear <*ould lx* detecttxi umlcr similar 
test conditions. 

Another advantage of tin* nit riding jiroce.s.-s is that it is carritxl out 
at the low temy>era lure of about otMl (‘. as compan*d with SoO (/. to 
1KX)° C. for ca.se-hardening m(‘thf>ds. As a n*sult there is Jar h-fift risk 
of diMortion providtxl that all stre.sse'> s(‘t up in tlic steel by working 
or machining have pn‘viously Ix^en removeil b\ sta bili/.ing above 
500" i). 

The nitriding process leaves the .stet*! parts trith a rh a a finish, there 
being no scale, dirt or <)lh(‘r deposits. The surfaix's arc |M*rfectly <*k*an 
with a grey matt surface; sometimes this is tinted with blue and 
pink colours. 

A slight grmvth of about 0*(Mjl in, on diameter (xcurs as a result of 
the nitriding process; as this is quite regular anri uniform it can be 
allow'ed for in the dosigm or machining flinu'nsions 
* \itraHo\ Ltd., Shcflii-lcL 
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The nitridul case rdain.s it.t hmlness when the part is reheated to 
the teinjH*raiure at whifli the treatment is applied, namely, ahoi 4 ^ 
5()()' (j., wliere*aH case-hardened steels conimonce to lose hardn( > 
at UnniXTatures as low^ as to 121) (/. 

Polished nitrided st(»el doe^s m)t hmt uf) w hen running with aluminiuih 
alloys. For gudgeon j)ins and cylinder walls finisheiLhy nitridin g, thi^ 
is a definite advanfago, 

The nitrided case sh ows consi derahle resistance to corro sion b\ 

I moist at mdspheresT fresTi and sea wat<*r and steam, provided the gre\ 
Itiim lsT<‘ft oirfhe*" met id alter mt ridi ng. * 

A'ruilher unportani Teafui^ of nitrided s teels is that they are 
practically imtnune from tfa tmi keni/ig fiff'ct of rudcb£Ji4-- this is a 
marked advanlage from the ]»oint of view of fatigue resistance under 
alternating and n*[)(*at<Ml stresses. Fxtensiv(‘ tests have showui that 
praeticiillv the same residts relative to fatigue^ strength are obtained 
when a part is notclHsl and th(*n nitrid<sl as \\hen the part is un- 
notched and nitrid(‘d . with hanhuied alloy steel bars the effect ol 
n(d<‘hing is to nsluce the fatigue resistance. 

It has also been shown that the <'orro,swn fatigue resistance of 
nitn(h‘d steids is ol a rclatividv high ordiT. Tests (‘arried out in Tees 
Hiver water showed tiu' high ratio tivo-thirds ol the normal resistance 
value of the ste<d wdien t<*sted in air. 

Typical Nitralloy Steels 

There is a nunilxu* <»f XitiMll<»\ steeds available hav'ing different 
elements and proportion.s ol these, and with \ar\mg earbon content. 
The variations in the latter are governed solely by the mechanical 
profHTties reciuired from tin* .steel forming tin* core, as the fiercontage 
of carbon, within normal limits, does not affect the hardness of the 
nitrided case. It is, howover, important to limit thi‘ <‘arbon content, 
as too high a ]u*rc(Mitage max affect the projierties of the nitrided 
steel detrimentally 

The various grades of Xitr.illov sKvls have carbon contents ranging 
from 0-20 to 0*50. Tht* thns* .standard grades (l).T.I). 87 Specification) 
are known as (Irades 3, o aiul 7 res|K»ctively. 

(hmie ii steil, after oil-hardening and tem|HTing, cannot be softened 
much Ih'Iow 50 tons |M’r sip in. tensile strength, and is, therefore, re- 
served for fmrts which do not involve difi'amlt machining and where 
maximum strength is rispiinxl in the core. It is most frequently sup- 
pliixi with a tensile strength of 55 to <k> tons jK*r sq. in., in the form of 
bars or forgings, oil hardened and teni|)<‘red ready for machining 
outright . 
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(i/ade 5 allows of a soft or stool aflor heat-troatiuenl (45 to 65 
tons per sq. in. tensilo aiul is roooinnjoiuloil ftir parts invoJv- 

inj^ more intricate machining. In most oases i^trls can Ih' tinish-ina- 
rhiiied outright from the oil-hardoiu'd aiul t<‘m|HTO(i material supplied. 
Grade 7 steeL giving 35 to 45 tons pT sq in. tensile .stn'iigth. is uw*d 
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for \\earing parts \\h<*r(* the surface* prc.ssuros arc not high, and is easily 
inac'hiiu^le in the har<l<*n<‘d and t<*inp*ro(l eondition as sujipliod. 

Th/te.st n‘sults given in Table* S7 have b(‘<*n obtained on Hf>eoimenB 
m from li in. diainoter haniinorod bars * 

^ther alloy st<*ols to which the nitrieiing ]>rocess (*an suecessfully 
be applied, apart from tlio.sc* (’ontaining ahmiiniuin, include t'anadium • 
('hromiu m- molybdenum ^ chromintu-ntrkd-midyhdi num, high chromium- 
molybdenum and austcniiic deflft, such as those of the tungjften -nickel- 
chronium ela.ss. The methexjs of nitriding austenitic steels for aero- 
engine valves, after removal of the* paH.sivo film on the Burfaoe 

* Jbid ,^ page 311 . 
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TABF.K S7 

MKruvNH'\L PK<)fM:KTFKs c»F Stani>ahi) Nitralloy Steels 

Nitrsillnv 
>tn>l 

Ufa*h :t 

1 HI hufilt liltiu 
'I 

UO(i ( 

Hind'' 

Oil hitnlrfiinu 
J HI*' 

IMHI < 

Hmdf 7 

Oil Iwirdi'iitiiy: 

I ratUM' 

< 


followc'd by plating, t’orni th(* subjei't of palents h(‘l<i 
by Nitralloy lAd , Sludliold. 

]'afia(iit(m-chniffnum-tn(tl}/h(i( tmni .sin Is, to Air Ministry Sf)Ooifi(‘a- 
tion l)/IM). 2s<JA. 'rh<‘sc a surfaca^ hardness, after nitridin^, 

of 750 HOO diainonct munb(‘r. and are (‘hi(dly (‘mployed for di(‘rt, 
Tiiould.*- for pla.sties, and similar f>arts uhen‘ a hi^ii dc'jrn^e of surface 
hardness is napiired with a firsi -class tinisli They are also used for 
crankshafts, 

('hrom'nim-ynckrl tnohfhdimttn .sinis, to Air Ministry S{)eeifieation 
D.IM), 22s. Thes(* steels ^ive a surface hardness of OOO'tirH) diamond 
number afl(‘r nit riding, but their increased toughness and resistant 
to fatigue make them eminently suitabh* for aero-<Migine and auto- 
mobile crankshafts for uhicii th<*se steels are now being v^ery widely 
used. 

Hiijh chnwiiuiH’KhiI}/hi{i'nntn to Air Ministry Specifications 

n.T.l). 30t> (carbon 0-30 |M'r (‘ent) and D.T.I). 317 (c‘arbon 0*2() |>er 
cent). Thes(' sttvL^ give SOO SoO diamond hardness after iiitriding, 
with 00,70 tons in Mu* core for D.T.I). 300 and 45 55 tons for D.T.I). 
317 ; they are being very uiilelv used for aero-engine crankshafts and 
airsert'u shafts. D.T.I). 317 steel is nou in extensiv<* use for aero- 
engine cylinders. ft»r which pur|K)se it has proved to Ik* the ideal 
material. 

A typical aluTninium-(*ontent Nitralloy steid* contains from 0*20 
to 0r>t) {M*r cent carbon: 0*25 iM*r cent nickel: 1*4 to 1*8 per cent 

♦ Messrs. T. Firth and J. Brown Ltd,, Sheftield. 
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ohronuuiii ; O il to i<\ jK'r aliiiiiiniuin and 010 tt) 0‘2.*) |M*r t^^nt 
molybdenum. 

The effect of inm‘Hsiiig t lie carbon content, uhilst maintaining the 
other elements constant, is to improve the tensih* strength and tough- 
ness, whilst not interfering in iwiy way with the hardness of the uitridtHi 
surface layer. The full mechanical strength p*otK*rties of the .steel can 
be developed by suitable heat-trt'atment . su(‘h as (pu*nching and 
tempering, Ijeforc the parts are nitrided. as the latter treatment, InMiig 
effected at about otK) (\, does not reduce the .stnaigth or hardness of 
the core. 

The influence of the carbon content on the stnaurth pn>p ities of 
Xitrallov steel is well illustrated in the case t»f the t\pual sttnd of the 
ooiufKisition previousiN mentioned In addition to the eleimmts given, 
the stwl contained 0115 |K‘r cent sdnon, (t Oo )K*r (‘cnt mangane>4% 
0-02 JKT cent sulphur and 0*02 |H.*r ci'iit ]>li()s})lu>rus 

The manner in wimh tia* iiu'clianical pro|H*rtn*'s of thi^ Nlts*l ar<^ 
affected bv tlu* carbon conttmt ami also Ijn heat -treat luent i.s illustrat(sl 
by th(‘ result.s gi\en in 'fable .SK, lor the* <*arls)n rangi* ol 0*20 t<» 0*45 
}K'r cent and lor thn‘<‘ different ([(‘Hiws of hardnc‘ss 
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Among the strongest of the Xitralloy steels are those c’cinlaining 
about 0*5 j)er cent carbon and no nickel A t ypi<*al |>ercentage coinjKiHi- 
tioii is as follows: (\ UoO, Si. 0-35. Mn, 04)5 Cr, 1410. Al, I'lO, 
and Mo, 0*20. 

II »T 



KN(irNKKRIN<i MATERIALS 

The following results wen* obtained from test pieces made froi 
IJ in. hammer(*<l bars — 

TABLE 89 


Properties of 0*5 per ('ent Carbon Nitralloy Ste?:l 
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A l\pi(<il Nitralloy st(*el without aluminium, which is suitable for 
aircraft aud automobiU* crankshafts and gives after nitriding a surface 
hardness of 751) to SOO diamond, has the following percentage coinposi* 
tion* (\ , Si, Mn, O oO , (V. 2 0, Mo, (t-25 and V, O lo 

VVh<‘n oil-liard(‘ni‘d at 9tMi (’ and tempt‘red at (MM) , 050 and 
7(K) (' rcs|H*ctiV(‘lv , it irivcs tin* strength }>ro]K'rti(‘s shown in Table 90 

TABLE 90 

Properties oi Eirtii’s (i.K 3 Nitrvlloy Steel 
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Effect of Tantalum and Niobium 

The rate i>f thickening of the nitrided layer can be increased con- 
siderably by the adilition of tantalum or niobium in small }K*rcentage8. 
Thus, 1 {H'r cf*nt niobium will prodiu*!* a nitrided layer of 0'125mni. 
thickness in 8 hours with a lemjHTatun* of o50 C’ : exposure for 
24 hours gives a hardened layer of 0*3 mm. 

The effetd of niobium and tantalum is to reduce or eliminate the 
Hiupunt of a(*tiv'e i*arboii, siiu*e these elements form carbides at the 
eK|H.Mise of the iron carbkles. The nitrided steel can therefore be 
HueiuluHi at a high initial ti*iiHH^raturc without risk of cracking. 
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The pericnl of the nitridiiig process is rediHvd und th<‘ niiriding 
teni})erature can Ix' raised with niobium sft*oIs without intriMluc^g 
brittleness in the nitrided layer. 

The beneficial effects of tantalum and nicdiium in increasing both 
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the Ijardne.ss and d<*pth of tli(‘ nitrided layer an‘ clearly show n in Fig. 
I4S* for the tantalum-niobiuin low carbon stc<‘lH, whose compositionH 
are given above the curves, (’urve I r(‘la<<*s to the Mt<*cl containing no 
tantalum or niobium , the other thn‘e eurv<‘s are for alloys containing 
these elements. It will lx* ob.served that in tlie ease of (‘urv<* 3 the 
hardness is about 15 [kt <Hint great(*r and the dc‘f>tli of the hardened 
layer (Viekers diamond liardness 7(H)) a 1 m ait 15 times tliat of the 
alloy of Curve 1. 

When aluminium is pn sent in tantalum-niobium steel, fx*low 1 per 
cent, the hardness of the nitrided layer is incTcased, but its depth jis 
reduced a little as compared with the alloy without aluminium. This 

* “Tantalum an<l Niobium,” K, (iemUors, Smifh, (layn (wd Minerals 

•Journal, .April, ia3H. 
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ill the iiwtancp of a nitriding low carbon steel conUining 0()4 ( 
0-27 Ta and 2 fi Nb (per cent) nitrided at 575° C. for 24 hours, th 
inaxiiniiin hardness was alnnit 7H0 (Vickers diamond hardness) am' 
the depth of ease down to 7<J0 hardness 0’53 mm. 

.\ steel of very similar composition but containing 0-85 per eem 
of aluminium when nitrided at 575° C. for 24 hours gave a maximum 
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hardness of over l(HH) V.D.H. and a depth of ease do\^n to 7(M) hardness 
of 0-41 inm 

In regard to the eftVet of the initial quenchin{j iempfratnrr upon the 
hardness and depth of the nitrided layer in the ease of 1 per cent 
niobium steel, the values shown graphieally in Fig. 149 indicate that 
the hardness and depth of the nitrided layer are increased considerably 
for quenching temperatures of IKK) to 12(X)'"r., as compared with 
1050' (\ In this connection the effect of the higher quenching temper- 
ature is to allow an increasing amount of niobium to he taken into 
solution. 

Physical Properties o! Nitralloy Steels 

The sj>eeific gravity of the chromium -aluminium -molybdenum 
steel is alxiut 7*75, whilst that of the non-aluminium Nitralloy steels 
usually lies between 7*82 and 7*87. 

The thermal coefficient of expansion is slightly higher than for 


NlTKiXJKN H\KI>KNIN(J STKKhS AND IKONS 


:m 


ordinnn sU'els. For aluminium content Nitnilloy steels the value 
U'twecn V, ami i>(H) (\ is ami fi>r non-aluminium ones 

about the same value. The ccx'tticient (»f ex|)iinsion «d' the nitridwl 
case has l)een determined and fouiul to lx* slij^htly less than timt 
of the sup])ortin^' core material, its valm‘ l)etw(‘en 20 i\ and nOO 'F. 
iKung 0-0(HH)i:i. 
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Th(* cli'ctrieal resistivity for O-.'l |M‘r eent carbon Xitralloy Ht(M*l 
nith 1-1 |K'r c(‘nt alnmifiinm is about dti rnicrohtns |ht cm. cube. For 
the n<»n-ahiuiiniuin st(*cls it lies bet\u*<*n 22 and 2h. 

Nithding Equipment 

Fi>:. 150* showh th(* la\'OUt of a typi(‘al nitridin^ plant It com- 
prises a furnace ])rovi<l<Ml with an automatic OuufHTat urc <'ontroh a 
^as-tight container made of a high niclod-cliromium steel (25 |ht cent 
Cr and 20 |K‘r cent Xi). which will not Im‘ attacked by th(‘ ammonia 
gas, a tank (»f anmionia providefl with a suitable needle valve for 
controlling the tlow of gas. inlet and outkU tubes, and finally a s|M*cial 
pi}K*tte for determining the ('xtent of the amrrjoiiia dissociation. 

The amitionia tank must la* [»la<*e<l in a position such that the Ixuit 
tube insidi* the tank has its ojKm end in the gaseous atmosphere and 
<loes not dif) into the li(|uid ammonia. A suitable m*edle valve* together 
with a j)ressure gauge ensures the control of a st<*ady even flow of 
gas. The inlet ami outlet tubes are made of nickel or aluminium, and 
the articles in the bo.\ should Ik* supjK>rt/<*d on nick(‘I grids. The inlet 
tub(‘ extends along the bottom of the Im>x to the back, while the outlet 

• “Hardening' of Steel t)y the Nitrogen H. VV. Jiowcri, Jouni. Jun. 

Jrmt. Engrs., 1934 A. 
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\m\h- rtt the front end and near the top of the box. P}Tometers ar. 
inaerted into both the container and the furnace. The furnace pyro 
meter is connected to the automatic control. The gas mixture fron 
the container passe.s through a wash bottle to indicate the gas pressun 
(whirh is geiKTally J in. to 1 in. of water) as well as the rate of flow of 
the gas, and finally into the atmosphere or suitable drain. 

Sonu‘ of the ammonia gas decomjK)8es into nitrogen and hydrogen 
tic<*ording t(> th(* following chemical reaction — 

2NH3VN2 + 3H, 

Ah pn^viously stated, the nitrides formed are in solid solution or 
in a tine state of dispersion in the ease and impart e^xtreme hardness 
lo the st<'el. The ])rodncts leaving the furnace consist of hydrogen, 
nitrogen ami undis.soeiated ammonia. 

Parts of articles required to Ik' kept soft are usually protected h\ 
tinning with a solder consisting of 4 parts of lead to 1 part of tin 
A suitable flu.x (‘onsists of zinc dissolved in a mixture containing 5tH) c.c 
hydrochloric acid, 250 c.(‘. water and 15 grams of sal ammoniac. 

An alternative method is to <lip the previously cleaned article in 
a bath of molt<*n solder and then machine off the solder from the 
surfaces to be hardened. Special protective paints consisting of alu- 
minium pov\der and sodium silicate can also be used for the soft areas 
Any hol(‘s in the articles to be nitrided should 1 h* plugged with aslK'stos 
yarn and s<*aled with aluminium paint. 

Manipulation and Applications 

Xitralloy steels can be fabricated, e.g. forged, drop-stamj)ed and 
hot jm'ssed, in a similar manner to onlinary steels ; as a rule parts 
can 1 h' finished ma(‘luned or ground from rolled bars or forgings in th(‘ 
oil-hardened and t<*in}K'red comlition. The recomnumded forging 
t<*m|)<Tatures are 1150 to 1200 V. \ it is not advisable to work the 
steels below S50 (' . 

Xitralloy steels are much useil ft»r stampings and pressings; the 
latter should be normalized at 925" C. to 950" (\, soaking at this 
teiujH'rature for a |HTiod d(q)ending u|>on the size or mavSs of the article. 

Stampings for crankshafts and similar highly stressed parts should 
\h' normalized at 950 V. follow eil by oil-hardening at 930" C. and then 
tem|KTed to give the required strength properties. 

Xitmllot/ stulft cati fn wthUd satisfactorily if certain precautions 
an* taken. Thus, if the welded surface is to be nitrided afterwards, it is 
necessary to use a weld metal of Xitralloy composition. Electric arc 
wTlding is not recommenileil owing to the relatively heavy losses of 
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aluminium and chromium which alter the composition of the st<Hd» 
thus making it unsuitahio for subsequent nitriding Klectric rt'sistanet^ 
and oxy-aoetylene weldiuiZ give satisfa<‘t()r\ results if (^Ttain prt'- 
cautioiiH are taken, hut the best n'sults are obtained with the atomic 
hydrogen welding Tn<‘thod 
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In reg«ird to the subjci t {\{ nuichimntj S itrullntj stuln^ as uith other 
alloy ste<‘N. lower s|K‘eds than forordinar\ carbon steels are iin|HTative, 
whilst tooK should In* inaintained in a sharp condition. In turning, 
a s}K*ed of (>() ft IMT min. slmuld not be greatly <‘xeeeded, and light 
finishing cuts will overeome ant tendency of the mal<*rial to drag. 
When (‘Utting screw Ihread.s, each slofs* mav be maeliiiusi s<«parat<dy 
with as slow a finishmu; sjkssI as eontenicmt l\ |>o'“si}>|e 

In (‘onsidtring the toler<i!ie(‘ to Ik* wf>rkf*d to in machining, the 
following points should 1h* kept in iiiiikI 

1. Where part-s have to lx‘ finished within vert fine limitH it is 
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(ieHira!)l(‘ to j^rind or lap after nitriding, and allowance should be niad^ 
accordingly when finishing before nitriding. 

2. There is an increase on diameter of 0*0()l/0*002 in. on solid 
round bars, whilst on square and rectangular bars there is a similar 
growth amounting to about dOOOGin. on the surface. In addition 
there is an imTeasc in length which varies in accordance with the 
length of the article. 

With hollow cylindors and rimjs there is, in addition to the surface 
growth, an expansion in the internal diameters which varies according 
to the diam(‘tcr and wall thickness, and this is again affected when the 
hoH' or outside diiinudiT is ke])t soft during nitriding; due allowance 
must thendorc b<* made for these effects. 

Nitralloy steels are now inudi used for aircraft and automobile 
engine crankshafts, for cylinder liners, pump spindles, shackle and 
sfc^ering pivot pin'<, brake* drums, gudgeon ])ins, etc*. Parts of 
maeliine tools, such as lathe*, milling and grinding machine spindles, 
are sonu*times made of Xitralloy stc‘el. In the plastic moulding indus- 
try tin* steel is employed for moedds requiring maximum hardness 
and toughne^ss. In locomotive engineering Nitralloy steels are used 
for gudg<‘on pins, motion link pins, link motion sliding parts, gears, 
pinions, pump shafts, etc 

Anothc*r application of tlu*s(* steels is in the mining and quarrying 
industrs wlu'rc |)<irts ha\e to ^^ork in dust-laden atmospheres, so that 
the mavimum \s<*«ir resistance Ls necessary for items such as spindles, 
pins, pumj) parts, elevator links, bushc*s, hammcT parts, etc. 

Nitrogen Hardening Cast Irons 

Thc'sc* cast irons contain aluminium and (‘hromium and are surface 
hardened by exposure* at about 5(KI (’. to the action of anhydrous 
ammonia gas. The surface hardness thus obtained is of a high order 
and it is possible to obtain hardnesses of ap])roximately l(KK> without 
the aid of cju<*nc*hing procc'sses. The alloy irons are known, collectively, 
as Xitrica^ifiron.^, and t-lu'v can 1 k‘ regarded as the cast iron equivalents 
of Xitralloy steeh. 

typical ])ercentago compoMtion is as follo\\s: Total C, 2*75; 
Si, 2-7.>; Mn, 0-7r>. S, 010, P, O lO, Al, 1-75; 0,1-75. 

When h(*ated for a {K*riod varying from 40 to tM) hours at 500" (\ 
to 510 (\ and exjioscMl to the action of a stream of dry ammonia 
gas the* iron hccoine-^ case-hardened, yielding a Firtli diamond 
hardness of to UKKb 

Its structure in the heat-treated condition shows a ground mass of 
jH*arlite in which the <*arbide is de|Kvsite<l in the form of small R|)ecks, 
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interspersed with large carbide areas and tiiu'ly divided graphiti* . it 
is believed that the pearlite structure is similar to the so-called ‘ sphcr- 
oidized pearlite” characteristic of certain other high-ilnty cast irons. 

The electric resistance furnace, >\ith automatic ttunfXTatiin* 
regulation, is suitable for hardening this iron, the machined castings 
being plami loosely in a gas-tight box uitliout any packing material. 
The ammonia is maintained at a pressure' of J in. to I in of \\ater. 
It is note\iorthy that no sealing or dist(»rtion occur in lianlening this 
iron. Parts of castings which do not re<|uire to be hard can hr prote<*t<*d 
with a s|)ecial paint made up of powdered aluminium or (‘hronic* oxidt- 
and sodium silicate; this paint can In* removt'd afterw’‘rds with 
Iwiling w’ater. 

Nitrioastiron as compared with ordinary (ast iron has a higher 
strength, a much higher modulus of idasticity, a lower fHTinaiu'of set 
value and greater intrinsi(* hardnes.'^, in the unhardened condition. 

It develops its Ix'st strength and othtT (jualitirs when M-ntrifugally 
cast . 

Table 92* shows the mechanical propiTtics of (Vuitrard Nitricast- 
irons of the {HTcentag(‘ compositions given in 'Fable U\ 

TABLE 91 

<’oMf‘osrrioNS tiF ('enth^kd Nitkk vstikons 




Total 
< ’ 

( iia- 
phito 

Coinli. 

<’ 

Si 

Mil 

S 0 

( 'r 


V. 

( Vntrifug- 
till} cast 

2 a.") 

1 

1 10 

[ 1 or> 

i 

2 r»s 

0 (U 

t 0 o7u 0 oiai 

1 09 ! 

i-Aii 

B. 

Sand cast 

202 


[ 0 90 

2 41 

n so 

0 07.'» IMIOH 

1 .-is 

I 37 


The |K*rmanent sets for th<* “a.s-<*asl (*entrifugal and .saiul cast 
irons wert* 2*5 and 0*1 tons jier sq in , n*.>|M‘ctively For the nitrogen- 
hardened irons the corresponding value's w('r<‘ 4 75 <inel 9*7 tons |xt 
sq. in. 

The specific gravity of (Vntrard iron is about 74. 

The specific heat is 912 to 9* 14 (\(1.S units 

The coefficient of expansion from 39 to KK) (’ is l (Ht / 10 
for 100" to 200 (\, M7 ^ 19 ^ for 2<M) to :m (\. 135 ^ 10 ^ 
and for 300 to 400 4', 1*5 10 

• “(’ast Iron Suitabit' for Nitrog«*ii Hardening,” J. h. Hurst. Iron and ISUel 
Industrif^ Novemix'r, 193H. 
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TABLK 92 

Mec’Hank’al Properties of (V.^’TRAKl) Nitricastirons 


' 

.Modulus of 

Tensile | 

Firth Diamond 

(’oiuhttori 

Kla.st leity. 

Strength, ' 

Marlines.-,, 


'I'ons per stp in. 

'Pons per .s<(. in. ’ 

30 kg. Load 

.\.S <‘»ASt 

22 o 

1 24'«’> 

418 

Annealed 

23-7 

! 29- « 

302 

Hardened anti 

Mtuhdi/.e<l . i 

230 

29r> 

302 

Njht»gen hardened ‘ 

1 

23:» 

1 29-S 

982 

Vs ejAsI 

tor* 

lOS 

1 340 

Vnneaied ' 

10 7 

1 22-9 

209 

llardfMied and i 

stuhili'/ed 

10-2 

1 

■ 2K-h 

' 300 

Nitrogen hardened j 

20 1 

. 23 9 

1 904 


hi rpjiani to tlip hvat tnatmfut of this iron, in ordcT to ensun‘ 
unifortn inachininj^ (|ualiti<*s the castings an* annealed at 1)50' (\. 
«dlo\vin^ th<‘in to cool slowly. They can la* oil-hardened and teni|K‘red 
by quenching in oil from S70 i\ and tcin|MTini’ at 000 (’. to 7(M)' (\ 
The tenqHTinu treat numt may h(‘ |>rolonu(‘d to uivi' a stabilizing 
treat meiit for nmiovinii internal htressi's. In (ases v\h(‘r(* there is a 
risk of distortion sfahihzimj trmtmait should ix* carrieal out after 
preliminary rou^di machining ojMTations by heating to 550' (\ to 
(>50 ('. (dr 1 to 4 liours. 

Nitricastiron has a much su|K‘rior corrosion resistanct* to ordinary 
east iron. It is us(*d for cylimler liners of petrol and Diesel engines, 
valve parts, pump castings and machine tool parts requiring very hard 
wearing surfaces. It is also suitabk* for jigs, gauges, pulleys, wearing 
(‘ollars and bushes. 

In regard to tlie wear resistance pro]H^rties of Nitricastiron, some 
interesting tigures wen* given by tl. K. Hurst’*' on commen‘ial vehicle 
and ear t*ngine cylinder liners. Stationary t(‘sts were carried out on a 
Ij<\vland four-cylinder 4 in. bore |H*trol engine of standard tyjH^, on 
material in the form of c\linder liners of th(* ty|H' known as dry liners, 
while the road tests were carried out on a Hik*y six-cylinder car, and 
a Star six-cylinder car, the former with dry ami the latter with wet 
liners. The results obtained are summarized in Table 9»3. 

In (‘onneetion with these results a strict ('omparison can Ik* made 
only on the basis of equal mileages. At a mileagt* of 3().0(K) in the 


* IruH and SUil /Voc., 11133 4. 
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TABLE 

Automobile (Alinder Wear Tests 


Matt^nul 

Total 

Miloiiffo 

W ear. 
Milch per 1 
U OUI in 

Total 

Mileage 

W’tMir. 
Miles per 
U OOl in. 

Stutiotiar\ Kngiiic , 


' 1 



( Vntrifiigall\ ♦•ast iron, standard j 
to H.S.I. Spar, 4Kfi 1 

(’hroinmni allo\ <‘a.st iron, i-ontri ' 


1 1 



fugaliy l a.st , 

:io.ouu 

ll.lJotl 1 

m.otto 

' ii\:»uu 

Nitrojjtcii hardonoil < ast iron , 

HO.OUtt 


lU.tMHl 1 


Hoad Tests ^ 


, 

1 


C<*!itrifu^al)\ ♦•a'^t ••hrommni cast 
iron, hardent'd and tcinpcnsl 


1 

1 

01 . non 1 

4. .JO 

Ccntnfui?allv cast nickel chro , 


1 1 



inmin < ast non, hardcnctl iind 
tcinpcri'd 

Jtl.tHtU 


1 

! 

1 


Nitrogen }iaid(‘m*d cast non 

lU.OtU) 

n»,t)2u j 

lu.uuit < 

1 

iu.luo 


siiOionarv (‘iigine t(*sts. a (omparison <*an Ik» made Ix'twtHMi nitrogrn- 
hardont^d cast iron, standard centrifupdly <ast and chroininrn alIo\ 
cast iron At this inilcaL^c the ratio of the rt‘sistance to wear of nitrog<‘n- 
hardened cast iron to standard <‘entrifutrally cast iron is as 2 . J and 
to chroniimn alloy cast iron as 2'<> : 1. At a inil(‘ag(* of 40, (HH), tin* 
ratio of the nitrogcn-hardcnial to the chromium allo\ cast iron still 
remains the same at 2 ti . 1. 

In the tests under road conditions, the wear value m miles jmu' 
0-(K)l in. of wear is smaller in magnitiaie than under the stationary 
engine conditions, but at a milc*a^e of 40.000 th(‘ ratio of the nitrogen- 
hardened to the hardened and OnnjKTed chromium alloy i-ast iron is 
2*2 : 1, a figure which is in close' agn'cment with the stationary engine 
U'sts. 

Nitnxjen’h/irdentd AuMenitic Inni. I'he austunitic cast irons 

can now’ be nitrogen -hardened, the process usiai forming thc‘ subjei't of 
a patent.* 

As is well known, certain austenitic cast irons possess a valuable 
propc'rty in that they have' a high coefheient of expansion. I'his high 
coefficient of exjMinsion renders the austenitic east irons extri'mely 
valuable for use in conjunction with aluminium alloys and they are 
therc'fore the .subject of inu(‘h interest to the internal combustion engine 
designer desirous of utilizing ahiininiuni alloys for the prodmdion of 

• Sheepbridge Stokos (Viitrifugul Co , ('lic«ierliel<l. 
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cylinder castings. By treatment with the nitrogen-hardening process 
in accordance with the details of this new development, surface hard 
ness of up to 5(X) Brinell can be obtained; it is anticipated that th^ 
process will have considerable influence in the extension of the use ol 
these ausUniitic cast irons. 
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Varioi s kinds of alloy stands ami iron alloys (with nirkcl, cobalt, 
copjx?r, etc.) are n(»vv widely used in (‘leetrical engifU'erinj^ work These 
include magnetic and non-magnet ic materials and alloys (‘inployed on 
account of their high electrical n^sistivity fwoperties, ctt*. 

Magnetic Materials 

There are two principal <*lass(*^ of st(‘el and iron alloys use<i on 
account of their magiu'tic pio{>erl les. namely. (I) nHujutHiUtUtf soft, 
and (2) onuputicnllff hard materials There is also another ela> ^ of 
materiiils of ap]woximate constant ]M‘rmeal)ilit \ ever a wide range of 
magnetizing foret^s , thes<* usiiaiix |)ossess low reue*n«M)ee and (*o<‘reivity 
and are us(»d for purposes such as tin* »*ontinuous loadiuL^ of submarine 
cabh's and in the cores of inductances for t<*le]>honic and radio circuits. 
They includ(‘ iron-ni<'kel-cobalt alloys, kriown as “ l\*rminvars ” ami 
})o>\dered materials for dust cores of teli'phone instruments, <‘tc. ; in 
this connection the earbonyl-nii-kel-iron po^^d(*rs an* important 
inst anc(‘s. 

Tin* mairneticallN soft matiaials ar<‘ 1 hoM‘ that are employed for 
j>ur[)OHes such as the* cor<‘s of elect romagncis and t ranslornuTs, dynamo 
pole })ieces, etc. 

The magnetically hard mat<u*ials an* uso<l for makiiu^ jwTmanent 
magnets. They include certain allo\ steels ot relatively great hanlness, 
nickel-iron-aluminium alloys, ami a niiinbi*?* of s|H*cial alloys. 

In order to a])preciate the magm*ti<‘ pro]H*rtics ot tin* magm'tically 
s()ft steels (and irons), it is tirst necessary to a |»pre« iat(‘ the meafiings 
of the terms em]>lovcd. namely. pfraaahHif//, fhi.r dmsdj/. rnaanence 
and corrrin /onv , so that the tollouing brief c\planat am ot thc.se terms 
is given. 

The raff ahll tit/ of a mat<*rial i- a measure of its res|H»nsc to a 
magnetizing force aiul defines the* magnetic* value ot tlie mat4*rial, in 
reference to that of air whi<-h is taken as a standard. Thus if a coil of 
wire be wouml around a circular section (closed) ring of soft iron and 
a (*urrent circulated arouml tin* coils, a certain numlM^r of magnetic 
lines of force would pa.ss through the ir<»n in the magnetic circuit. If 
the iron were repla<*ed by air a much smaller number of magnetic 
lines would pass througli the air iiishle tin* coil. I'he ratic) of (he 
number of lines of force* in the iron to tin* number in (lu* air ‘‘core” 



WN(iINEERlN(i MATERIALS 


in tinned the p(*rin(‘abdity. In general the permeability is given h\ 
the following relation — 

B 
~ H 

u hen* B t he flux density (or number of magnetic lines per uiiit area 
and // “ the magnetizing force or the flux density produced in air. 
})er unit area. 

The value of // for air is unity, v^hiist for magnetic materials sucli 
as irofL steel, nickel, cobalt and certain iron ores such as “magnetite,' 

It IS considerably greater tlian unity. 

Th(‘ magnetically soft materials give high permeability values and 
tlM‘y are accordingly used for the cores of electromagnets, for dynamo 
]>ole pieces, transformer cores, etc. 

finmne7trf is the term employed for the residual flux after the 
magnetizing force is reduced to zero. In the previous example of a 
current circulating in a coil vvound around a ring of iron, if the current 
is <‘ut of!' the magn(‘tizing force becomes zero, but iron in (*ommon 
with other magm‘tic materials r<‘tams a c<‘rtHin residual magnetism, 
'fins pro]H‘rty aloiu* is not a measure of the usefulness of a material 
as a )MTmanent magiu't, since in the “zero" field condition the magnetic 
lines of forc<* an* in th<* closed circuit of the ring and have no outside 
(‘fleet 

If, ho>^ev(*r, the current is reversed in direction so as to give a 
demagnetizing action until the magnetism in the material is reduced 
to zero, the .strength of the magimtic field, or the flux density, which 
just d(*stroys the magnetism, is ternuHl the ewreire force. This force 
is a minimum for soft magimtic materials, e.g. iron, and a maximum 
for hard ones, e.g. alloy magnet .steels. It the c(K*rcive fori*e that 
permits a bar magnet to retain its magnetism against the effect of its 
own poles and thus to store up magnet i(‘ energy and to provide an 
external magnetic field. In order to a.ssess the value of a permanent 
magnet material it jsaisual to i*ompare the product of the remanenee 
and ('(KTcive force or, more ai'curately, maximum values of the product 
of B and ll as defined previously, but with // as the reverse field flux 
and B the remaining induction: this gives an approximate measure 
of the magnetic energy that can be stored up in the material. It can 
Ih* stated that remaneiue — which cannot be increased greatly — is 
relatively low for tiie newer magnetically hard material.s, but the 
(‘(K'rcive fori'e is much greater than for the earlier materials used for 
j>ermanent magnets. 

In the case of the more re<*ent magnet stetdvS these are made 
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short and thick, whereas formerly magnets were made long and thin 
in order to retain (heir magnetization against the reverse held of 
their poles. 

Magnetically Soft Metals 

Th<‘ more widely ns^nl metals in this class are pure iron and silicon 
stet^L It is necessi*r\ to reduce the carbon and oxygen in iron to a 
minimum siTU‘e the.s(‘ elements liave a |)owerful influence in lowering 
the permeability, other intlueiu*!*.^ are those of j/radi aizt' and thermal 
treat mi at. 

The eflc(‘1 of carbon content on tiu' |MTineability of ste els is to 
low(T the latter value as tiu' carbon conteiC is inertMised. i.e. the 
[HTineahility dirnimslics with increase in hardness as (he following 
results imlicate - 

JVrcrntajL'c <»r <*arlK>ii 'M u ,‘t US 10*1 

Maxaiuaii \ ft 27.H 194 lOU , S.t 

It is of int(‘rest to note* (hat <*xe(*edingly pure iron free from 
int'tallic impurith‘s an<l gases has lK*en prepared and has given the 
very luLdi val\i(' of for (he* jHTineabiliiy. This tyjK* of iron 

is not, however, a coinrnereial {)roposition ; wIhto high jKTmeahilities 
are reipiired it is usual to emphiy niekel-iron alloys. 

OtluT magnetically soft nudals includt* Anneo in»n. vacmim-fiised 
electrolytic iron, Stall(»y. Hi|M'rnik and Pcnnall(»y , the Iw'o latter 
Ixdong to the niekel-iron alloy grouj). 

The mechanical an<l ele<’trieal pro|KTties of' Anneo and (‘lectrolyf ie 
iron have been ref(Tred to in (liapter I, so that it will here Ik* nceesHary 
only to consider the magn(‘(ie pro|KTtieh. 

The maximum jKTineahility of Arimo iron is given by Arnold 
and Elrnent as 7tKX). Its |K*rnieability for the value of the magnetizing 
force // - 1 (gillx*rts p*r centimetre) is 43(Mf It has a cotTcive force 

of 0-72 (gillx*rts |K*r centimetre), and a hysteresis loss of 210d ergs j)er 
cubic centimetre per cycle. 

The magnetic projKTtics of “iron” vary <*onsidcrahly with the 
grade, and in the past there has tK*cii a gfaxl deal of umertainty and 
vagueness concerning the corre<*t values of the magnetic con8t>anta 
to employ. 

* '‘Re<‘ent Devolopnicntn in Magia^tic MaterialH,” Jouru. Imtl. lCngr§,t 

Marrh, 193H. 

t Journ. FrnnkUn Imtftutf, vol. cxrv, p. 
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This uncertainty is shown by the fact that the value of the magnetn 
permeability has been given by various authorities as low as 2500’^ 
and as high as Gl/MMi.f 

Tlie diflr(Ten(*(‘M are accounted for by the actual grades of iron 
employed for the ex|)eriinents. 



Fn. ir>| SlI(>\MN<, Fl HMUAHILITY V\Ll l-s Ot Foi R MA(tNKriC 
M \TKRl\l,s 

Fig. 154 illu.st rates the permeability values of four ini|H)rtant 
magnetic materials <'onsisting of. or containing, iron. These are as 
follow s- 

(1) Armco iron- the purest commercial grade of iron available, 

* Howluiut (1S73) and Kwing (1885). 
t Yonsen and Ziegler (1928). 
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(2) Vacuum -fused electrolytic iron. 

(3) Hipernik — n 50 })er cent iron-nickel alloy. 

(4) Permalloy — a 78*5 ]K'r cent iron-nickel alloy. 

The high ]^>erineability of the elec trolytic* iron at low »!iagnetiziiig 
force values will be noted from Fig. 154, whilst the high fH^riiieability 
of Armco iron for strongtT magnetizing forit*s is a marketl feat tire of 
this material. 

Tlie curves for vacuum-fused electrolytic iron repn‘Hent about the 
best values hitherto obtained, and these* iiigh values are dm\ it is 
believed, to the reduction of the imptirities, particularly carlx’ii and 
oxygen. 

The ex(*cHent magnetic values for .\rmco iron n'uder it particularly 
suitable for electrical })urposes, as at high induciions its |KTmeability 
a]»proaches that of vacmim-fuse<l elect rol\ tic inm. 

Nickel*lron Magnetic Alloys. It has la^cti fomd tliat uickel-iron 
alloys are e.\<‘ellent magrietically s(»ft materials, ’oal a study of these 
metals many years ago showtMl that suitably t^repannl and heat-1r(‘ated 
alloys such as that (H)ntaiuing 7S-5 |ht cent nickt*! gave* maximum 
{>ermeabilitics of l(M»,(HK) with low hysteresis loss, d'hese alloys are 
to-day extensiv(‘Iy us(vl for such purposc^s as tla* l<»admg cables, for 
magmatic shit*Iding, and in the construction of sensitive instruments and 
rc'lays. They are also used in the cores of ciirnnit transforuters and in 
transformers and chok(‘s for use in radio work In ail these applications 
high jKTmcahility and low los.ses are recpiircd at low ti(*ld d(‘nsiti<*N. 

The nickcl-iron alloys show certain disadvantage's in tlieir low 
saturation value*, in their comparativ(*ly low* elee'trica! r<‘sistauce, anel 
the liigh degn*e of sensitivity of the juagne'tie* pre)jMTties te) heat- 
treatrnent anel mechanical we>rk. This has led tei the elevedopment of 
ternary alloys e>f improwd pro]H*rtics in whieh the* third edeunent is 
usually copper, chromiutn , molybdenum, e)r monyanf si . The* ae*tion oi 
these (dements is generally te) low(*r still further the saturation values 
of the alloys, but on the other hand the*\ in<‘n*ase* tlie* re'sistivity, 
stability and frc(pu*ntiy the initial ixTineability 

Perhaps the* most iinpe)rtant stTies of these* alloys is that forme*d 
by nickel, iron, mid copper, anel certain e‘e)m|K)Hitie>ns in this w^rics, 
coupled with suitable licat-tre‘atme*nt, have* Ihs'U found to eiffer remark- 
able combinations ejf pro))erties (e*.g. Mumetal). 

Promising results have also lH*e*i) e)btained by ce>mbinationfi of iron 
and fiickel with chromium or molybdenum ', the third element in thcBe 
crises is effective in increasing resistivity and initial ]H*rmeability, but 
the maximum jxjrmeability and saturation jK^ints of these* alloys are 
substantially less than in the (;ase of the 7H |>er e'ent nie*keI-iron. 
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Oiusiderable attention has also Ijeen given to the more complex 
materials such, for example, as the nickel-iron-copper-raolybdemim 
alloy known as “1040" with even higher initial permeability. Allo\^ 
of this type are of sjK*cial value in radio and in the communication > 
field generally. 

One further interesting result may be mentioned, namely, the effect 
ii|M>n the of nickel-iron alloys by cooling them in a magnet n 

field. Thus, it was found that the 65 j)er cent nickel-iron alloy gave i» 
maximum ]K»rmeability of 6(K),000 after annealing in hydrogen for 
IS hours and subsequently cooling in a magnetic field: at the sana* 
time the material showed further remarkable properties characterized 
by a hystenvsis loop with vertical sides and square corners. The 
increased fKTmeability is obtained only in the direction of the magnetic* 
Held and there i.s a corresponding loss in the direction at right-angles 
to this direction 

Vensen in America made a thorough study of the electrical 
and magnetic pro})(»rti(*s of iron-nickel alloys prepared by melting in 
ntrno. In Figs. 155 and 156 (the latter Ixdng taken from another source 
and including results of other inve.stigators as well as those of Yensen) 
are reproduced .some of his typical results. He found that the alloys 
containing a])f)roximately 50 {kt cent nic kel could be forged and worked 
and that they had the following; average electrical and magnetic 
projHTties which may be conqiared with those of pure iron and nickel — 


Motal 

Flux 
I)on.sit > 

H 100 

t 

1 Saturation 
j Value 

( JaUMHI'H 

1 

Hystcn‘siH 1 
L(>s.s j 

li - 10,000 

i 

Kicctrical 
Resistivity 
Microhm *ein 


(.Jaus.st*M 

cycle 

l*iirt' iron 

IS,. >00 

22,500 

1,100 

11 

50 pt'r rent hHon 

1 15.500 

15,.500 

800 

45 

Pur© nickel 

j 0,000 

i <>.<100 

25,000 

8 


As the 50 jK^r cent alloys are relatively incorrodible, they are 
of value under sfH'cial conditions in the ccm.st ruction of electro- 
magnetic equipment. Another interesting magnetic characteristic of 
this alloy is the fact that the B H curve up to B 2000 to 4000 
gausses is nearly linear, which makes it of value for certain electro- 
magnetic meters. 

Fig. 155 shows the magnetic permeability of nickel-iron alloys 
melted and annealed in a vacuum for a value of H ~ HK> as obtained 
by Yenstm. 
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Fig loi) gives (()ritsj)ondiim eleitnuil resistiMtv values lor the 
same range of uukel-iron dllovs 

Permalloy This imkel iron allov (Oiitains about 7s to SO |)i»r cent 



In ill VI\(NI||( PhoI I Itlll s <>!• \u KH IKON \llO\S 
(h n \ |)l NSI J ^ ) 



f t< I ■><) I HI RiSISTANCFS nt \l<KH IKON 

VlIOVS 

of nickel and has low carlam (0 04 jkt cent) kiIkoh (0 03 f)er uent), 
manganese (0 22 jxt <ent), witli alxmt 0 4 |)ct cent of cobalt and 0 10 
per cent of copper in a tvpnal analvms It was discovered bv Arnold 
and Elmen of \inenc a 
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This alloy has a liigh permeability at low inductions; it even 
a{)proache8 saturation in the earth’s magnetic field. The initial 
fM*rrneability at zero field is about 13,000, i.e. about 30 times that ol 
the best soft iron. The maximum permeability obtained is about 
h 7,0()0, a value very much in excess of that for silicon steel. Test- 
have also shown that Permalloy iKwsesses a greater magnetostriction 
than iron. 

Permalloy and similar nickel-iron alloys are employed for ocean 
submarine eabl(*s and othcT purposes where very low magnetizations 
are involved. Its use for ocean cables has enabled the rate of sending 
nu*ssag<\s to b(* incrt^ased from 300 to 1500 and more signals j>er minute. 

Sjif'cial Pertmlloiffi. More recently developed nickel-iron alloys, 
j)ro(luee(i in the laboratories of the Bell Tele])hone C‘o. of America 
include' the “45 Permalloy/* “7S Permalloy*’ and “3-S — 78 Chrome 
BcTinalloy.” 

riie “45 Pvrmalloy'' has a resistivity nearly as high as silicon 
sti'cl and a ]H*r!neability at low or moderately high tlux densities 
'1 or 3 times greater. Its coercive force is also considerably lower, but 
it is a more expensive metal. It is u.sed largely in transformers and 
certain tyfK*s of relays. 

The “78 P^rnmUoij" pos.sesses a remarkably high jiermeability. 
Its initiil and maximum ]H*rmeabilities arc* more than 10 times those 
of silicon steel whilst its coercive* force is only about on(‘-tenth. Although 
xfts hysteresis loss is very low. its resistivity, namely, about one-third 
that of silicon steed, makes it lt*ss suitable* than some of the other 
Permalloys for audio-fre'cpieucv apparatus ■ it is use*d mainly for cores 
and armature's of sensitive relay.s. 

The “3-8 -78 /Vruci/Zo// ' was developi'd from the previous one by 
substituting about 4 per ee*nt of chromium for the iron eontemt of the 
latter. This medal has a resistivity somewhat higher than 4 |)er cent 
silicon stend and an initial iHTiiu'ability about 10 times as gre*at, while 
its coiTcive foree* is only about one- tenth. Altlunigh exjK'Usive to 
preuliu'e it is In'ing lise'd in audio-freiiueney transformers and in some 
(‘arrie^r freepiency coils. In the form of a thin tajx* this alloy has been 
use'd for the (’ontinuou.s loading of a numlK*r of submarine telegraph 
cables. 

Iron»Cobalt»V anadium Alloy. In distinction to tin* P(*nua!loys, the 
Bell Teh'phone (’o. has develo|Hxl a material whii'h, unlike the Perm- 
alloys that sat mate at relatively low flux densities, does not reach 
practical saturation until the fiux density reaches 24,000 gausses. It 
cousists of iron and cobalt in equal parts, with about 2 per cent of 
vanadium. Its initial jx'rmea bilily is 3 to 4 times that of magnetic 



KLE( TRU AL STKEU«l AND IRON ALLOVS 


337 


iron, while its maximum j)ermeability i** only about one-third as hi^yh ; 
above a flux density of 12,0(K1 gausses its |)ermeabilify is alM)UT 4 times 
that of magnetie iron. It is an exjK'usive materhil but is finding an 
important application for the poh tips of dvctroirngnets, prodtuung 
highly concentrated magnet i(‘ forces. 



Perminvar. This liion* nsu'ut alhiy has soriifwhat remarkable 
magnetic qualities and iiu'hides iron ni< lv<‘l and colmll alloys 
which when projK*rly heat-treated an* diHtinguis}i(*d by their <‘onHtaney 
of }¥'rmeability over a region of flux diui.sity fn)rn z(*ro to about one 
thousand gausses. Since llieir jH‘rnieahihty is suhstantiallv eonstant 
and their hysteresis loss small in this region, the IVrrninvars are 
su|KTior to the Permalloys, and t<» the oth<T magnetie materials 
previously diHcus.sed. in res|K*<‘t f>f the amount of distortion pnslueAxl 
in transmitting sjH^ech currents. Henee tli<* use of coils with Perminvar 
cores will result in distinctly sujjerior transmission circ uit character- 
istics. This is of esjK'cial imiKirtance in carrier systems. A Perminvar 
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which, over the region mentioned, exhibits great constancy in perme.i 
bility contains 45 ]:)er cent nickel, 25 per cent cobalt, and 30 per (em 
iron. When proj:)erly heat-treated this Perminvar has a permeabilit\ 
of about 4(K) : this value is sensibly constant up to a flux densitv cf 
KMK) gausses. Other com })()sit ions have been found more desirabh 
for sj)ecifi(' purpos(\s. For examplt*, the Perminvar containing 70 jm ' 
cent nickel, 7-5 cent cobalt, and 22*5 jH^r cent iron and designated 
“7*5—70 Perminvar” has a jiermeability of about 8(K) and its con 
staiu*\ is limited by sp(*cification so that its permeability in(Teas<‘ 
must be l(‘ss than I |Kt (‘cnt over a range of flux density from z.ero to 
5(K) gauss(‘s. One of the greatest drawbacks at present to the wide 
c.vtensirin of the use of Perminvar is its |K‘rmanent loss of the Perminvar 
characteristic's if (‘arried even momentarily to flux densities of only a 
few thousand gausses. Ordinary methods ()f demagnetization are (ml\ 
partially successful. Due to this characteristic and its high cost it 
has had application to only a few coils in which drastic reduction of 
modulation effects was demanded. 

Silicon Steel. Silicon stend containing about 0*01 per cent carbon 
and 4 |K‘r cent silicon with vTry low manganese (0*03 to 0*05 per cent) 
in the annealed c(»ndition has a revsistivity about five times that of 
magnetic iron, in consetjuence eddy curremts are greatly decreased 
and this metal is suitable for the cores of a])paratus operating within 
the audio-fre(|Ucncy range'. It is usc'd for the cores of transformers, 
armature's of dynamo and for telepheme diaphragms, edc. Silicon steels 
of whie*h Stalloy is an example', are* available in sheet metal stamyiings 
and e*astings 

This ste'cl has tlie' advantage, also, of a considerably higher |>ermea- 
bility than nnigiu'tie* iron at the low flux densities which are usually 
pre>elut'e'd in telephone apparatus e)|K'rate'd by s|)e('ch currents: it is, 
howeve'r, inferieir tei the “45 Pe'rmalleiy " for the cores of audio- 
freepiency apparat us. 

*S7n//o//. A widely use*d ste'cl for such parts as telephone anel loud 
s|H'aker eliaphragrns, anel for electrical mae'hinery, instruments, etc., 
where high [K'rmea bility and le>w hysteresis and eddy current losses 
are e'one'erneel is an iron-silie*on alloy, known as “Stalloy." 

It e'ontains from 3 tei 4 per mit of silicein, and has higher 
[X'rnu'a bility than ire>n tor inelue'tions below saturation. Its c'oer- 
civity and retentivity are nearly 5() per ce'iit lowe'r than that of 
pure iron. It e*an Ik' made* with a total k)ss only slightly exc<'eding 
I watt |H*r kilogramme when testeel at It).(HM) gauss maximum 
induction anel tK> cycles |)er second, and a {permeability of 80(H> can 
be eibtained. 
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TABLK 94 


Properties of 

Kleotrichl 

Sheet Steels 
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Hard Magnetic Materials 

The original st(‘<‘ls used for jKTinanent ina^uu*ts wrre carbon 
ones, heat -treated to ^i\e alM)iit itiaxiininn liardness \alu(*s, such 
.steels wtTe subsetjuciitlv rt‘)>la<ed l)\ tunj/stcn stts ls (outanunf;! about 
U-5 |)er cent rarbon and o to b |k*i cent tungsten The addition of 
0*5 |)er cent chronnuin ^ives iin|»ro\<Hl jm^jMTtics to su( li a htcel. Thun, 
a titiel fonUtnang enrhon (0*b), (5 5) and chrannum (0*5) vihen 

suitably hardened will ^ive a co<'r(i\c tone of tM to 75, i reinanenci* 
of 10,000 to ll,t)t)0 an<l a rnaximuin HI! (produd) of 250, (HK) to 
3(K),000. This steel has lx*en wide]\ usisl for the jK'rinanent umgnets 
for magnetos and telejdionc and meter inapH*tH 

The .steel requires sjKM'ial <are in repinl to its hatdnatment owing 
to the risk of distortion and cracking in order to obtain satisfactory 
results it should b<' heated to 700 (\ and (pienched in water. 
This condition gives the highest value for the MH‘n‘ive for<‘e. Any 
subsequent tempering results in a reduction of the coercive force; 
thus, if tempered at 3U0 C\ the coc*reive force falls to 25 to 30. 
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Chromium sled, containing about 1 |)er cent of carbon and 2 )>» • 
cent of clironiium, has also b<‘en widely used for permanent magnet ^ 
In the oil-hardened (‘ondition it has a coercive force of about bO, i 
rcmanenee of about 85(K), and a maximum BH (product) of abou’ 
230, (HK). 

After a considerable amount of research work had l)een carri(*(i 
out on magnet steels it was found that the maximum BH (])ro(luct 



was of great importance aiul s|H*cial steels were develo]K*d for this 
residt, and, incidentally, as pre\iousI\ mentioned, to enablt* short(‘r 
and thicker magnets to be employed. 

The cobalt -eh romt stfds with <'obalt content of 3 to 35 |K*r cent 
were the next ste]) in the develojunent of ]MTmanent magnet steels, 
an<i although inan\ dithculties were met with in regard to the hardening 
of these steels, they were subsequently overcome. 

This tyjK* of magnet steel may be divided into two classes, namely, 
(1) the low and medrum cobalt-chrome steels, and (2) the high cobalt 
ones. 

The former ( lass* includes one containing 9 per c<»nt of cobalt with 
tl to 10 {H*r cent of (‘hromium and another steel having 15 per cent of 
cobalt with 9 to 10 cent of chromium. Both steels have about 
i l5 j>er cent of carbon together with 15 per cent of molybdenum. 
These steels are air-hardening but for the best magnetic results a triple 
heat -treatment is neiTssiiry. This (‘onsists in an initial heating up to 
1 160'" C. to 1200^ (\ for alnnit 2 or 3 min., followed by cooling in air; 

* " Cobalt Magnet Steel.s,’’ H. K. Kershaw, Proc. Sheffield Metall. A/moc., 1930. 
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this leaves the steel in the austenitic eonditinn. Next, the sU^el is 
reheated to about 720 (\; at about 0S0'(‘. a marked rt'ca les(*eiu'e 
occurs due to the breakdown of the austenite, with change to the 
magnetic condition. The steel is then allowed to (‘ool in the air. The 
final heat -treatment consists in h(‘ating th#' steed to 1(KH)‘^C. fairly 
rapidly and after soaking at this tem|HTaturc allowing it to cool in air. 

The high sted, with 35 p'r cent of cobalt, fi ptT cent ('hromium, 
4 to 6 })er cent of tungsten, and 0*9 |K'r cent of carbon, is oil-hardened 
from 950^ ('. This steel gi\cs a maximum lifl (pnaiuct) of *t00,<KK) to 
l,0tK>,0(K», the value iK'ing greater for thin se(‘tions and reaching a 
maximum of about 1,2(K),(KKI 

Fig, 159* illustrates the magnetic proiXTties of this group of cobalt 
(‘hrome steels in emnparison with chromium and tungstcti (»nes, the 
values of B l)eiiig shown f)lott<Hl against //. The* magiu'tic* j)ro]K*rtieM 
of the <*a'^t material an* not so go<xi as for the forgcfl for the low and 
mcilium cobalt chronu* stc<‘ls. but in the case of the 35 per <*cnt alloy 
it is pos.siblc to produ<*e cast magnets having as good magnetic 
jirojMTties as forged ont*s. 

Xirkrl Allojf Mtifenals in 1931. Mishima in Ja]>an discovcnsl a 
su|)erior fXTmanent inagiu't alloy (‘ontaining about 2 parts of iron to 
\ of nickel and I of aluminium, such that a small magnet of this 
material weighing onlv 2 o7. was capahh* of sup])orting a weight 
of 5fi lb. 

The* ir(>n’nirhl-aj*nninium alloys, with or without cobalt, arc at 
presemt the be.st materials yet discovcnal for p(*rmanciit magnets. 

The ba.sic jirinciplc* of th<‘sc alloys is that the* <‘ompound of nickel 
and aluminium forms a solid solution with iron at high tcmfKTat tires 
and by suitable heat-treat mc'nt can 1 m* precipitated in a fira*ly diH|K'rH<Hl 
form. 

The lK*.st results now ap|K‘ar to Im* obtaim*d with 25 to 3t) jM*r cent 
of nickel and It) to 15 jicr cent of aluminium, the balama* b(*ing iron. 

Table 95 shows tlic pro|M*rtics of two modern nick(*l*bcaring nlloys 
of this class, know'n as Alvi and d/w/ro. in <*omparison with those of 
altenmtive magnet stecN, The Alnico mat<*riai, giving the highest 
BH max. results, has the fcdlowing fSTcentage composition: Ni, 18*0; 
Al, 10*0; Cu, 0*0: (’o, 12, and the balance iron . the addition of coppcT 
has been made to give lM*ttcr control over the* pro|)crti<‘H and heat- 
treatment. 

Additional advantages of these* two alloys arc that they are leas 
ex})en8ive than the alternative magni^t sttxd.s and, lK*ing of low' density, 
enable appreciable savings in weight and bulk to Ik* cfTectcKl, 

♦ lhid,y page* 3*40. 



00 


I 


I 


I 


I 


s 


I 









ELECTRK’AL STEELS AND IRON ALLOYS 


343 


TABLE 95 

Propkhties of VARiors Permanent Mac; net Materials 


Material 

ltemaneiu*e 

( V>en'i\’e 
Force 

( 

BH max. 

1 carlxm Ht<H*l 

. j 

oo 

! 200.(M)0 

6*^0 tiinx'iteii st4S*l 

' ii.mio 

1 

1 3<H>,(KK> 

rhronuum 

«),ouu 

, s:. 

i 250,000 

I5«„-( o (’r 

H.atMI 1 

1 170 

, fl20,(MH> 

cohall strs'l 

( I 

i 2r»o 

1 l.mXMUm 

,\lni 

(1.300 1 

rsM) 

1 1,250,000 

Alnico 

H.200 ' 

r>io 

' 1 '^0o.O(M> 


A iii(‘kel>ir()ii*aliiininiiini alloy, known as ' Nial * (Edj^nr Allen 
Ltd.. Sheffield), now used for mo\intr eoil loud speaktT magneto and 
other fdeetrieal jj:(*n(‘rator tvfM's of inajrnet, has a HU (ma\.) value c»f 
l.87(htHMh reman(*n(*<‘ of odott and eiwnive force <d hlD. Iwdn^ jj^reatly 
su|K*nor to the 35 |K‘r (‘(uit cobalt alloy shown in I able 95. 

It may Im* of interest to note that an alternative nudhocj of making 
up niapu’ts from this seri(‘H of alloys is by usinj^ the alloy in the form 
of a powdcT which is com|)r(‘.sse<l in dies witfi bakcdite or shellac as a 
bindin^^ nusliuin, and heat-tn^ated to obtain a solid mass. It is (‘laimed 
that the coercive force of this tyyK‘ of majrnet is only 5 to 10 jK*r cent 
](*ss than that of the solid alloy, the remaiH^nce Ixdny^ redu<*ed by about. 
40 yHT cent On the other hand the density of the jK>waler material is 
also much less and its |K‘rforinance weight for weight is little inferior 
to that of the solid ina^met of the same all(»y. 

The iron-nickel-alumimum and Alnico ty}K‘.s of maj/nets as a result 
of their metallurgical .structure do not suffer from agt'ing effects, and 
are also stable at elevated temfSTutures and umler ine(*hanical shock. 
An imyK)rtant result of this is that the alloy may successfully fx* used 
in welding ojK^rations. 

Another devcdopment in |K‘rmanent magnets has lK*en the prepar- 
ation of a series of alloys consisting of iron, nickel, (‘obalt and titanium, 
known as the “New K.S/' alloys, and whi(*h show* an even greaU»r 
energy content than in the case of Alnico. The lx*st corn{K)Hition has 
been found tf) Ix? in the neigh bourhf»od of 30 }x*r (^*nt <’obalt, 16 per cent 
nickel and 12 per cent titanium. The pro<luction of these- alloys is, 
howevef, exptuisive and the cost |x*r unit of energy available is greater 
than for the iron-niekel-aluminium alloys; they have not, therefore, 
received much commercial attention. 

Other developments have taken j>la<*e in re(*ent years in regard to 
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permanent magnetic* alloyH. Some of these are perhaps of more ac - 
(iernic than practical interest; they include, for example, the produ. 
tion of magnets by sintering together iron oxide with cobalt ferrite 
(CV)Ft‘ 204 ). Among other alloys of scientific interest are the silver 
manganese-aluminium alloys, and an alloy consisting of 93 per cenr 
neodymium and 7 })er cent iron which has the remarkably high coerci\( 
force* of 43(M) Alloys of platinum or palladium with iron or cobalt 
shoN\ similar high properties 

Magnetic Properties of Stainless Steels 

Stainless steel, on ac(*ount of its ability to resist rust and corrosion, 
has advantages over ordinar}^ magnet steels for use in places exj>osed 
to s<*a- water, damp and corrosive atmos]>heres. It does not possess 
markc*d magnetic pro}>erties, but the 0*3 per cent carbon Firth stainless 
steel, ulu*!! fully hardened by heating to l(MK) (\ and quenching in 
\\at<*r, firovides a tolerably good material for |)ermanent magnets in 
(‘X posed pla(‘es. 

'Fable tlO giv(‘s the* results of some magnetic determinations on 
Fifth’s stainless steels — 


TABLK 90 

Mac^NKTIC PllOFERTTES OF STAINLESS vStEKLS 
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S.80 stwl 

U,300 
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NoQ-magnetic Steels ' 






Alloy steels which during the heating or cooling stage^s from about 
hHH) to 1100 (\ sho>\ no arrest {Kniits, so that the solid solution or 
austenitic state is retained down to atmospheric tem|)eratures, are 
non-magnet i<*. Typical examples of such steels are the 25 to 30 per 
cent nickel steel, certain stainless steels and 1 1 to 14 per cent manganese 
steel. 

The Staybrite stainless steels are non-magnetic in the softened 
condition, but usually bc'comc slightly magnetic when cold-w'orked. 
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The })ermeabiliti<*s in fields of strength of ll - 50 to 5(K) an? 1*006 to 
M3, the latter value eorrt‘s|)onding to 10 jht eent cold stretched 
F.S.T. Staybrite steel. 

In <‘onne(*tion with the high manganese steel pn'viously mentioned 
the nou-magnetic condition is obtained by heating to 060' to 1 100 ’C\ 
and quenching in \^ater, so that the austenitic condition is thereby 
attained. When this i^ annealed it iK'comes hard, brittle aiul 

magnetic. Thus if this steel is soaked for relatively long jxTiods for 
40 to 00 hours at 450 C. and is c<»oIed in air it lK*c«)mes quite 
brittle and magneti(^ having a |HTmeability about one-half that of 
ordinary iron. If, however, the metal is reheated to tt50 I UK) {\ 
and (juenehed in water, it regains its non-magnet u* eondition. 

AnotluT nonmagnetic stcfd is the niekt bmang.im*.se.ehromium 
Firth “X.M.C. ' steel 


Non-magnetic Cast Iron 

N<»m<ig, an anstcmitie east iron pr(Mlu(*ed b\ U‘rriinti Ltd under 
the Ft‘iTanti-l)awson pat(*nts. is anotluT non-magni‘t ir material the 
pnqKTties of which ar(‘ gi\<‘n in (‘ha|it<*r 111. 

Electrical Resistance Alloys 

The.se alloys ar(‘ eliaraeterized hy their high el(M*trieal resistam^es 
and al.so by their marked n^sistanees to narosive inllnenees at elevated 
tenip(*ratures. They are <‘inploy(*d in lh<* form of win* or ta|K* for the 
healer eli‘ments of domestic elect ri(*al a])para1nh, siirh as elect ne 
cookers, hoiliTs and irons, eleetrie furnaces and rhiMmlats employed 
for current control purjioses, etc. 

The alloy.s used include those of mrhl -rnppf r. iiirhl’Chrotnium, 
yiickel-chromi urn -iron, n ich hcopper-zi nc, n irh I tyjauvsv -copper , 
chrom i « m -al u m i ni um-iron , (*tc. 

The jirineipal electrical proiKTlies and melting jKiints of thcHe 
alloys are given in Table 07. 

The yiickd-copper’mfuujamAc alloys containing 5it to SO jkt eeni 
manganese, 10 to 40 jkt cent ni(*kel and I to 3t» |K‘r eent copper have 
high resistivity, low thermo-ele(*trie force (with copper), gcKKl heat 
eonduotivity, })t*rman(*iu*<' of el(‘<‘trical projK'rties and are not wmsitive 
to heat -treat merit. The resistivities are high and vary from 18*8 to 
22*0 X 10 ^ ohniH-em. (or ISH to 220 mierohms-em.) ; these* 
good ductility and tensile* strength projierties. 

Another interesting alloy is that known as Synith n No. 10 AUoy^ 
which contains about 37*5 per cent chrouiium, 7*5 per cent alutiiiniuiu 
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iin<i 55 [kt coin iron. It ha^ a n\sisfiv!ty about }H*r cent greaU^r 

lhan yichromf* anti can Ih' us<*d tor l4‘in|MTat arcs up to IJJoO (\ : 
it is us(m 1 for heater t^leinents of hitih-siKHui stet‘j and <»ther (‘leetrie 
furnact*s. 
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APPENDIX 

Physical Pkopeettes of Strttctiral 




T\piciU Analysis 
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3 16 
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D.T.D. 49A ' 
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Physical Peopeeties of the Rich Alloy SrEEL* 
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0-.')2 

01.5 
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0«l 

0-25 

0-30 

0-r 1 

1 3-9 

0*7 

14-5 
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(High -expansion Steel) 

0*.>9 

030 
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119 ^ 

.34 

— 

1 _ 
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i 

MO 

OoO 

11-9 

1 

1 
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roB Srioui. Pctbkmbs Oivim in Appbmuix 111 


Ph^fioal Frot>eHl«« 
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IW 

& 

n 

If 

1! 

WftkUDg 

% 

Air*hanl«iUav 

PropeitlM 

Piepartlai 

\;7Z6 

11*3 

0*045 

55 

Mod6ra(i4« 

Very utight 

High permaabitity 

7‘725 

11*3 

0*045 

55 

Modorato 

Very alight 

High permaabiUty 

7*725 

11*3 

0*045 

55 

Moderate* 

Very alight 

High permaabiUty 

7*725 

11*3 

0*045 

57 

Moderate 

Nut very nuirk**d | 

Magfietio 

7*73g 

11*2 

0*044 

60 

Lees good 

Notable ^ 

Magnetic 

7*731 

11*3 

0*038 

73 

hmti good 

Notabh* 

j 

Magtietio 

1 

7*731 

11*3 

0*038 

76 

Lotfli gCKKl 

Notable 

' Magnetic 

7*731 

4 

11*3 

0*038 

76 

Lees good 

Notable 

1 

1 Magnetic 

7*905 

17*5 

0*33 

74 

Good 

j 

N«>tiu 

1 

Nou-inagnetic 

7*903 

17*5 

0*33 

74 

G<kmI 

None 

1 

Noti'iiiagiietio 

7*92 

17*2 

0*032 

80 1 

ModoraU* 

Nirtie 

Nuii'itiagnetie 

7*90 

15*9 

0*027 

87 

Moderate 

1 

None i 

1 Non-magtHitie 

7*70 

16*7 

0*031 

02 

Mfxlorate 

1 

Noiif' j 

1 

1 Non*ti»agiieUe 

8*0 

16*3 

0*030 

92 

Moderate 

None i 

1 

> Noti'inagnetio 

7*6 

12*9 

0*030 

80 

Poor 

MarkcHl | 

Magnetio 

S*55 

11*3 

0*025 

65 

Poor 

MarktMl 

Magnetic 

7*99 

28*2 

0*025 

74 

Moderate 

None 1 

Noti*inagneti 0 

1 

7 88 

19*0 

0*028 

70 

I 

F.good 

i 

None ! 

1 
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APPKXDJX No. V 

Hiutlsh Standahu Specifications for Metals and Alloys 
(Abridged)* 

J, Kkhkgch Materiai^, etc. 

32 1935. Hai’M for tllK* Production of Machined Parts fur General 

p]ii^ioering Pur]>oHe». 

51 1939. Wroujcht Iron for General PhiRineering: Purposes (Grades A, 

B and ('). November, 1939.1 

224 U*3H. Steel for Die BItteks for Drop Forgin>?s. 

399 llt27. White Ui'art Malleiibh* Iron I’astinjjH. [Add. May, 1931.] 

310 1927. Black Heart Malleabb* Iron (’astirif^^s. [Add. May, 1931. J 

321 1938. Gen<*ral Grey Iron (’a-stings, GnMle.s A and G. 

592—1935. Steel PastinKs for (ieneral Fnvfineerinp: Purpose.s. [Add. 
February, ItMl.) 

OKI 193ti. Carbon (3iroinmm Steel. 

982 1939. 3 per cent .Nickel-i hroiiiiuni GaHt‘-hard(‘nin^ St (‘el. 

725 1937. Hot Holltal .Mild Steid Strip (or Hoop) not (*xc(‘edin|i; 10 iiudies 

wide for General FnKiin*erin>< Purposes. 

7tl2 1938. \Vrou><ht Iron Hal's, “Sp«‘ciar’ Grad(‘. 

789 1938. High Dut,\ Iron ('a.stings, (irad(‘s 1, 2 and 3. 

821 1938. Iron (’aslings for (bail's and (iear Blank.s (Ordinary, Medium 

and High Gnuie). 

817 1939. Gold U<9ied Mild Steel Strip for General Kngin(*(‘riiig PurpoH(‘H. 

858 1939. “ H<»st Yorkshire'” Wrought Iron. [Add. Octob(*r, 1940.) 

I 1920. Boiled Stt‘el Seel ions for Structural Purpo.st's. { Cmier lievimnn, 
1919.1 

13 11H9. St e«*l for Shipbuilding. Structural. ( Gm/cr iferiaion, 1949. J 

18 1938. 'IViisile Te'sting of M(*tal.s. 

182 -184’ n»38. Galvanized Iron and Steel Win'. 

;I99 — 499 - I93t) 1. High and l.iOW t'arbou Steel Gylind(*i’s for Storage of 
Pemiainuit Gas<‘s. 

449- 1937. I r.s(' of Structural Steel in Building, l.-idd. November, 1939.] 

485 - 1931. T(‘sts on Thin Sheet Medal and Strip [not (‘xc(‘(‘ding 0'128 inch]. 

494 - 1933. ('old Drawn W(‘ldl(‘s.s St«*(*l Tubes for St(*ol Hoib'rs and 
Supi»rh«*at el's. 

499 “ U»39. W«‘lding and (Tilting. Norm*iiclatur<*, Definitions and Symbola 
for, 

512- -1931. Hot Finished Weldlesa St(‘el Boiler and Su|H»rheater Tubes 
(for Teinpi'iaturt^ exceeding 85(G Kah.], 

52H — 1934. Ijupwelded Steel Boiler 3'ubes for p]xternal Pressure. 

548 — 1934. High Tensile Structural Steel for Bridges, etc. [Add. May, 
1939, and February. 1938.] 

590 — 1934. KngiiuH^ring Syuilgils and .Vbbreviations. British Standard. 

991— ‘1935. SUsd S)ie<ds for Tran-sfonuers for Pow(*r and Lighting. 

921 — 1935. Wire liopi's of SjH'idal (.'onstructiun for Kngineering ITirposes. 

♦ Hnttsli Standards Institution, 28 V’^ictoria Street, London, S.W.l. 
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AWXHmx V J57 

a40-<19S5. Baw* RtMl t»r Wiiv ElwtroilMi for MeUl Arr UVldinic, Wrought 
Irun and Mild HttHd. 

tUl — 1935. Small Kivt*t« (Forrum and Noii-f4»rn>u«) for Ot^iiiKral Purpoaca. 

593 — >1936. <>xy*A<‘otyh*ti<* Welding an A|>plt<*<i to Steel StmctiUH*H. 

933-- -1941. Mivguotio MaterinlH f<»r Tse uniler CNaubined 1),<\ and -A.r. 
Magnet imt ion. ^ 

968 — 1941. High Teitwile (INision Welding Quality^ Slruotura I Steel for 
Hridgen. and tienera! Huildiiig ("onatniction. 

11. Ai tomohikk Matkkiai>i ani» Parth 

5001-1924; 5002 1024 ; TiOOa 1927. Cantrlhfi. 

5004- -1927. Ir<»n Tisloit King Pot« (Saiul ('««( and t’idll ('awl) for 

Aui<»ni(>hiles. 

5005 1021. Wrought Sle^da for Aut^ninddlfh. j ,4d<i. .huie, 1029.) 

5000 1921. ('old Worki'd Steel Hars and Stn)> for Autotnobih^. {.4dd. 
Jtuie, 192S. j 

5007 “ 1924. Sheet .Steels f(»r \ ut oinol>ih*s. 

500H -1921. Vahe Steels auti \'alve Forgings for Autoinohitea. 

5009 1921. St^M'l Tubes for AutoTiiohiles. 

5010 192.5. Ste<‘ls tor I.4iiiiinat(*.! Springs fi»r Autouiohih^s 

.5015- 1927. Splines (Ihdtoin fitting) hn* Autonudnles. 1 hiiieiisituis for. 
[rndrr AVr/sio/oi 

5010- 1923; 5017 1923; .70IH 1923; .5019 1923; 5020 1924? 5021 

1928. ('nnwllvd. 

.5027“ 1924. Magnefos lor lnUa*na! (’oinhusl ion Fngiiies. 1 Mniensions lor. 

,5028 -1921. Steel ('astiiigs (Nos. I ami 2 tirade) for .Vutoinohiles. 

III. Xo.v- PKKin It's M ATKKI A IX. W 

359- 1929. 98 per cent Alunitiiiiitii (Nt»lehed Bars, Ingots. Uolling Slabs 
and Hillets). 

.300- -1929. 99 per Mununiuiii (Ntdeln'd Bars aial Itigtils). 

301-1929. 7 per <ent ( 'oppior-.ihitniniuin \ll«ty (‘astings for (leneral 

Fngineering Furp<»se.s. 

302“- 1929. 12 per eeni ( 'opper-ahiniiniuin Alloy ('astings for (leiieral 

FiigiiuM-ring l*urpos<'s. 

303 - 1929. /me-eopp4*r-aluininiuni Alloy ('astings (Crank Cam's and 
(loneral Cs<'). 

385 — 1930. l*ur<' .Muinintiitn 'fubes for (•♦•neral Fngineering Purposes, 

380 — 1930. Pur<* .Vluriiiiiium Bar-s an<l fwetions Air (ieneral Kriginei'iing 
Pui^poses. 

388 — 1938. Alutuiniuiii (Powd<*r and Paste) for Paints. 

3 P 5 — 1020. Wrought bight Aluininiutn .\Iloy {Duraluiiiin) Sheets and 
Strips for <»<*ii<'ral Kiigineering Purposes. 

39tl“- 19:9). Wrouglit bight Muininiuin Alloy (Duralumin) I'nlxm for 
(ieneral Kiigiiu'ering Purpos<»s. 

414 — 1931. WiHuight bight .Xluininiuni .Alloy Slu'^ds and Strip (Heat* 
tn'atetl) f<»r (iein'ml Kngiiie<*riiig Purposes. {Covering Y-alloy* aliio.] 

477 — 1933 , Wrought bight Aiutiiiiiiiiin Alloy Bars r 4 ir Denerai Kngirufering 
PiMrptiws. f('/ov<»rmg Duraliunin.} 

47 ‘H — 1933, Wrought 5 "-alloy Bars for (#en<*ral Ktigin^'eririg Purposes. 
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632 — 1934. light Alimiinium Alloy Forgings for General Engineering 
Purposes. [Covering Duralumin.] 

533 — 1934. Y-alloy Forgings for General Engineering Purposes. 

702 — 1930. Bilicon Aluminium Alloy (Hastings for General Engineering 
Purposes. 

703 — 1936. Y-i^oy Castings (as ("ast) for General Engineering Purposes. 

704 — 1920. Y-alloy *<’a8ting8 (Heat-treated) for General Engineering 
Purposes. 

918 — 1940. Aluminium Bars Containing Hmall Proportions of Copper and 
Zinc for (General Engineering I^urposes. 

24 — Part 5 1925. Kailway Kolling Stork. Copper Plates. Bods, Tubes 

and Pipes and Briiss "I'uIk*h. 

99 1922. Copper Alloy Pipe* Fittings. Screwed for I^>w and Medium 

Prt'HHure B.S. (Jopper Tubes. [Add. October, 1927.] 

01 -1913. CopptT 'IHibcs aii<! th«*ir Scrcw4*(l Threads. (Domestic and 
Similar Work.) 

125 — 1930. Hard Drawn Copper Solid and Stranded t'ircular Conductors 
for (>V4‘rhead Pow<‘r TraiiHiiiiH.sion Purpos<‘s. [Add. November, 1933.] 

128- -1929. Bare Anneal<Hl Cop|M‘r Win* for Electrical Machinery and 
Apparatus. Dimensions ami Resistances. f.4dd. April. 1930, and 
November, 193%‘>.] 

174 181 19.38. ()verh<‘a<l Dim* Material 1 Non-ferrous) for Telegraph and 

Telephom* l3irp<»seH. {Includes Coj)p(*r. Brony.4‘ and Copper-cadmium 
Wln*s.J 

198 1925. EI«'ctrolytic CoppiT Wire Hal's. Cak(*s, Slabs and Billets. 

199 1921. Ki4*<'trolyt i<* Copp<*r Ingots and C4»pp(‘r Bars. 

200 1921. 3\)Ugh Copp4*r Caki's and Billets for Rolling. 

201 1921. I<3i»e ( ’opp<*r Cak<‘s for Rolling. 

202 -1924. Elect rolyt ie Cal bode Copp4»r. 

203 1924. “Best Seb'ct " Copper. 

207- 1921. Sp4*cial Bniss Ingots t<»r ('ast ings. 

208 -1924. Sp4*cial Bi'iiss Castings. 

218 -1926. Braas Bars and S<»ctu»iis. suitabh* for Forgings and Drop 
Forgings, 

219 1920. Bra.ss Bars (lligli Speeil Screwing and Turning). [Add. 
Febnaary. 1931. and N<»\ ember. 1932.] 

260 - 1920. Brass Bars. High 3V'iisil«*. and Sections (Grades A and B). 
[Add. .November. 19,32.) 

261 1927. Naval Brass ( Vdmiralty Mixture) Bars and Sections. [Add. 
.luly. 1931, luul Novi'inber, 1932.) 

262-- 1927. Naval Bn*ss (S|H»cial Mixture) Bars and Sections. [Add. 
November, 1932. --Cadcr /derision.] 

206 — 1930. (^)ld RoIUhI Bra.ss Sheeta. Strip and Foil (Copper, 01*6 per cent 
to 04-0 per c<»nt). 

200 - 1930. (%»!<! Rolb'd Brass Slu^ets, Strip and Foil (<.\>pper, 04*0 per cent 
07*0 |H*r c«‘nt). 

207 - j930. Cold Rolbsl Brass Sheets, Strip and Foil (Copper, 68*0 per cent 
to 72-0 iK*r cent). 

352““ 1929, Fh4»sphor Bronze Turbine Bhuiing. 

360 J929, Brass Armouring Win* for Electrical ('ables. 

309- 1929. I’hoHplutr Bronze Bars or Hods for Cieneral l^urpuses (Gradee 
A and B). 
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5t78 — 1930. BrafVEi Tubeft and Bcr^wisii UUuidn ft>r < 'oiidetiMerM for l^and 
Purpo^iefi. 

382—1930. 2 10 K8 Bronse (Gun>meiat) for (lont^rnl KtigUKH^rinic 

Purptwew. 

382—1930. 2 U) 88 Hronzt* ((Itin-meial) (VustinjiH f»>r Kiigiiii^riiiK 

384 1930. llani I>rawn Phcmphor Win*. l^iiuAfny for Annatun^ 

Bindiii);. 

407 1939. Phosphor Bnma;** Khrrta, Strip anil Poil (up to 10 S.W.ti.). 

409- 1931 Naval Hnisa Platw, Shoots ami Slri|>s. (KKotudiii^ N.B. 
Poiuloiisor PIati*s.) 

421 1931. I*h*»sph<»r Hronr.o ("astings for tloar Blanks. 

444 1932. Plain DoimI Soft ('op|a*r Strip. Bars and Bmls, fin th*‘ Windin^^ 

of KU*rl rival .Maohiiu^s. 

059 lt»,30. Lijjht ( I auKf t’opp^T Tula's. 

072 - 1930. llani Drawn (\>p|)«‘r-cadrujuin Solid mid Slrandvd ('inmlar 
Poiuiurtors tor Ovi*rh<*ad T*o\M‘r 3ViuiHmisHi<in. 

099 1930, ('opjM*i* Pyhndvrs for Dotm«stic Purismos. 

711 713 1930. ('<ild Bolh*<l Brass Shvids, Stiip and Foil, (topper, 

80, 85 ami 90 |s‘r writ.) (Pp to and including S.W.il. thirkniHiis.) 

837 ni39 .StiM'I t on'd Popp**! Poiiduvtoi>i f»n‘ 'Korh^-ad Pi»wi*r IVans- 
mission Purposes. 

201 192tJ. Hot Bollcii Yellow M«‘tal Plat«*s, .Sh*‘H and Strip. (Kwlitdiii^ 

( \in<i<'nM's* IMalvH and Shijw’ ShvnthinK. ) 

SS.*) 880 1910. Svaiiih'ss Brass 'rubv.s f<n‘ (b'lwral Purposvs (llani 

Drawn, 25 to 3.5 'Pons pvr sip in. 3'»'nsili‘ and Aiiis'alvd.) 

897 -898 191(j. Is-ailvd <«un-nn'tal ('asl injfs and Invrots. | \tlfj. DvIoImt, 

1910. 1 (85.5 5 5.1 

900 901 1910. livadt'd tiiiii'nivtal <5is( mi's and {iikoN. | tdr/. Oi'tohvr, 

1910.1 (87 9 3 l.| 

89il ~ HUO. <*oid Bolh'd tVippcr Slivvts and Stiip (Mail-hard and Ann«*iil<si) 
for iivnara! Ihirposvs (up lo 3 S.W.ti.). 

920-- 1940. Naval Briiss Div Pnatings. 

932-- 1940. Bra.ss (travity Die* < ’ast iri«s. 

914 1911. Past Brass Bars (suitahh* for FoiKinic) nod Forj^inifs. 

900 905 1911. Lvailvd Hron7.<* ftu^tOs and ('astin^fs (Irom 70 9 0/15 to 

8.5 10 O 5). 

I\’. .Mim KI.I.^NKOl s 

200 -1921. Sihrr Soldvr. 

219—1932. Soft S)ldf'rM (dradi-s A.'B, i\ D. K. F. <i. 11. .1 and K). 

220 -I92t5. Fine Zinv (or .SpvItiT) (tirailvs \ and Bi. 

221 —1920. Spvvial Zinv (or .Spvltor). 

222- 1920. Foundry Zirir (or SiM'Itvrh 

203- 1931. Bra/.iriK ?4oldvrs (dra<h*s AA. A and B). 

441 -19,32. Porvd SiddiT. Hosin FUIfd. 

374— 19.30. .NivkvJ-ropiMT (< *upro-ni«‘k«*I) Slnn'fs and Strip. 

375- 19,30. Hvflnvd Nirkvl (drailv A). 

790 — 1938. Nivkfd .Silv«*r Shavts and Strip of 10 to .30 p<*r cvfit Nirkid 
Pontvnt (up to and invliidifiK 3 S.W.<».). 

801- -1938. l>*iul and ix*.ad .Vlloys for (’ahh* Shaathtng. 

871 — 1939. Abraaivo Papt^rs and Cloths for dvniTal Purjsisvs. 
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H72-“- 1939. Abrasiv** Papors aiid Ch»ths (Technical Products). 

771—1938. Synthetic Kesin (Phenolic) Moulding Materials and Mouldings 

<MiH — 193H. I^RiinatuI Synthetic Resin Biinded Sheet (Fabric Base) tor 
Pse as (lear Material. 

474-' 1932. Jriynthetic Hesiiis {l%*n4)l-aldehyde Type) for the Manufactun* 
of BtHirds^ '^bes and (Cylinders. 

488- 1923. Momded ^Insulating Materials suitable for Accessories for 
(General Klectric Installations. 

547 “1934, Synthetic’ Hc^sin B<mded-pap(‘r Sheets ((rrade 1) for Electrical 
Purpose’s. 

318 - 1929. Synthetic Ih’sin Vami.sh Paper Hoard.s and Tubes for (leneral 
Fleet neal Purposes. 

972 1941. Synthetie Hc’sin Bondc’d Fabric Shec’t for Electrical and 

Meehanieal Purposes. (New Standaid, September. 1941.) 

828 1935. .Mieanite for Ponimut^itor Separators. 

231 1938, Prc’Hshoard for Electrical Purposes. | Excluding ‘‘Built-up” 

Presshoard, 1 

231 19,33. Ebonite* for Electrical Purpose.s. 

8,57 1939. Safc’ty (ilass for liand IVansport. 

931 1919. \'ulcani/.<*d Fibre (Natural (’olour) Bods and Tu>)e.s for 

Electrical Ihirposc's. 

1993, KM) I 1912. High Purity Zinc and Zinc Alloys for Die ('asting. 

1997 1912. Suinmar> of British and .Vnu*rican Specifications for Non- 

Ferrous .Mate rials. 
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Ki HU \N! I < t*., lHd.4 71,72 
FoitjIo. is. hi. Hfi. H7 
Forritio last iron, .77 
Forro marif/anosit. lilt 
F* rroiiH iiiftal ootiwt it ntiun, 18 H fttq, 
ran^ro, |H 

Forr>. H4« 

Filo 225 
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Fine wire, inanufaeture, 179 
Flame hardening methods, 164 et seq. 
Flattening test for tubing, 188 
Flow htructurts of ste(*l, etc., 172, 173, 
174, 175 

Flux deiiMtv, detfinition, 329, 330 

- - (see Ph>sic*al properties) 

Ford cast crankshafts, lOl, 102 
Forging carbon stet'ls, 136, 141, 142 

c'hisc'l steels, 298 

nickel steels, 213 

Xitralloy stoels, 320 

Fowler, Sir H., 297 
Frcsi-cutting steels, 209 
Fuel no77les, cast iron tor. 9s 
Furnace convenors, stcsds for, 265 
tit tings, stcH'ls for, 264, 265 
Furnaces, nit riding, 319, 320, 321, .322, 
325 

(1\MMA iron, 26 
(Jangut', 6 

(fUs tuirdening, lt)4. 165. 166 
tiear stc'els, 213, 22(t, 223 

teetli hardening, 1(»5, 166 
high fre<pi(»nc\ furnnc’C'. 125 
nitruling furnaces, 321, 323 
salt bath, lieat ircMitnient. 141, 

145 

tienders, H., 317 
(Jl<v\^bar resistance c‘l(*nu-nt. 34t» 
Glouray, 346 
Gough and Pollant, 102 
, Dr. H. J , ItU, 302 
(Jrain aiul stnaigth cdfect, S 

- giowth, ettcM't c»t nickel cm, 196 
si7e and iimgncdic prccperties, 331 

(Graphite*, 26, 39, 49, 50 tf tuq. 

- flake, 55 

- -fns^ cast irons, 55 

CJn\\ <*ast iron. efTeet of nicked in, 61 
(stH» <’a,st iron, gre\ ) 
tJroMth in rntriding, 311 

- — of cast iron. <>4. 74. 86, S7, 8S 
GuAlet, 195, 199 

Hadfiklo, Sir U , 3. 199, 20th 272 
Hard magnetic materials. 329, 339 ct 

Hartlening colours Dolours and 

Temp€*rat urea ) 

of att'eis, constitutional cdiaiigc'^H, 

18 *'t mq . 127 rf i<*q. 

-.pnxM'ssi^, 140 tt 213, 

245, 246. 247, 272. 2s4, 297, 
298 et wq. 

sU^Xh, 118, 119, 21 tie/ fteq. 

toi>ls, 143 et cw</.. 284 et »tq. 


Hardenite, 23, 24. 1 43 
Hardness and c-arbon content, 165 

, diamond (see Diamond harcln 

» effect of cooling rate mi, * pj 

, of inttiul tiMnpc*iai»u»' 

150 

, of (pienehing inediuni 

ternpc>ratun*, 14 

, of muss, l.-il 

^ of shape of article*. I.") 

of case and eort\ 15s, !(>:> 

168 

of east irons, 53, 57 

of steel constituents, 2l» 

, slender articles, 152 

, volume* c'hange due to. 1 ‘i > 

Hardnesses of steels, 43, 140. \u » 


207, 

214, 

220, 

221. 

0 >•> 

229. 

241, 

245, 

246, 

247 

272. 

274, 

299, 

300. 

301. 

310. 

311 





Darv’('\j/ed stec»l plate, 131 
Hatfudd, Dr. \V. H . 31. 40. 242, 
352 

Hc»at treatmcMit ancl tensile* stn'iigtli 
, nitrogen hardc ning 
iron, 32li 

of stainlc‘ss steed-., 2i4 */ 
of tool stends, 284. 285. 
-tiH*atmc*nts, steeds, tubniatod, 

*f i>(q. 

Hc'ating curves for metals, 27 <t 'ttq 
- stes 1 nrtic les. for hardening, i " 
Hc'at r(*sisting cast irons, 70 tt see/ . 

stf»cds. 242, 261 (t .srq. 
llensliavi , P. 11., 303 
’ Heroult furnace, 121, 123 
High aluminium cast iron, 8 t» 

- - c*arbon stc'cl, 39 

— cdiromiurn c*a.st iron, 86. 99 

stes'ls, 242 </ -sc 7 ., 296, 31 
— cobalt steel, .341 

-duty east irons, 65 et fteq, 

, commercial uses, 1 j 

111 

- expansion stfM*ls, 218, 307 

— fr<*(|ueiicy eU*ctri<* furnac*e, 123 

Mfq. 

- manganese steel, 199, 272 it. 1 
nickel stwl, 41, 216 

- silic'on cast iron, 86 , 99 

_ steels, 198 

— - specsi t<c>ol steeds. 279 ft f*eq.^ 3<l 

304. 3(t5 

temperature projierties of alF 
steels, 262 et t*eq. 

— tensile allov steels, 197 et Bet 
228, 229, 230 
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timgHteuHteols, 27i*. 2S0, 281, 282 
pr *'artK>ii stiM'K, ,ST 
iH<'k**l-ohntnu* 2ii8, 288. 

ik. 331. 332 
i. 3.H.. 153 
kouhi oiwt tnni'i, 85 
ontrifiijlttl rrtstiii^ iiiH< itiiko, 30, 
91 

K.. 325, 328 

Jilu* o\liii<l<-'r 49, 5t». 

84, 88 ‘ 99 

*Y*r<Kl«' <**ist iron. 99 

V I f ^i'k" 24»9. 279 

ion liimloMini.^ pnu-fss. H»s, lt>9, 

itivl (‘a.st iron, 7ti. 
t<‘ t9 Kn^int’or'** 

an h ( 'oimnil liv'V Hoport^, 57 
17, 1 in 
218 

*' ratr rur\ o. 39. 3 1 
*ion t4'injM‘nil ur»*s. 44 
ailotrtkpn forms i»f, 28 
rarlmlo. 1 h « / ><7 

' Mirlkon o<jU)hlirinm (inijjiam, 34 
fast (sof C’ast iron) 

'fohalt \ iiiuidiiiin ailo\ , 33(> 
-fortni stivls. 238. 237 
liistorv of. 3 
ni< ki*l all<»\ •>. 333 
, aluiinmiiin alU»\s, 343 

alloNs. 329, 341. 3»3 

orfs, 3 4 

, proihif t ion »)f . 1, 5, t*» 

, pnrt\ <’i>oliiij.r < nrNf, 2S 
, u roii^lit, 8 f / 7. 

s, staiiilfHs. 254 <f 

d iinpact \alnfs (sfo Mf< hanifal 
o}M»rt ws) 

.s, ort‘ fnislu'rs, 27 S 

1 

.VTfiAJ I., 348 
tp, W. 58 
rshaw, H. M . 34n 
U> lailltKHi 4’aVklf, 183 
$. inaj^not aIlo\s, 343 

MJNATEI> Ht<***l plH9‘. 236. 237 
iix oaat iron. 89. K5 
*)r, E, F„ 151 

|ui alloN tomiM'nn^ bath. 148 
Jr- ><K>at<Ml nhi^ats, 234 
— in atwiH, 299 
dloy 299 

kerH for stool tubiritf. 191 


aniunklin);; of hanlainHl parts, 134 
hanitaiii^t:, KM r/ mq, 

I^Hknl 4'tiKt iron, 94 
Lonisininr, 195 

*.ou flirtanniin stiM'Is, 197, 298 
Lowo. K.. 99, 115. 118 

t>xpaiHion utfkfl iron alloys, 216 

MAi’HiN \Ki!,iT\ . nuprov<Hl in stainKs«g 
s't<s4s. 251 

Mn<‘hiiif ttHils, fast non for, 113, 114 
.Miu’hinfi\. < list iron ^.^n* fo s for, 4H. 
53, 58 

Ma< hinin^^ Xinaotton, 11 
<‘ai I k>u sttH'Is, I3n 
* asf non frankshnfts. 1»>2 
. t nit dtp p« t*«ls and 2H0 

hard stiM‘ls 289 
inanjuniiifM st»*«‘l, 27t» 
niaitonsita < ast irons. 192 
intMimin -It is. 289 
inil.l s|,ii 1. *S^K 281 
nifkfl fbnaninm niffl. 215 
int nifitiji.'' stiM'ls. 323, 324 
spiMujs, tnnifsti'jt farindf tools, 
289. 29t» 

•■taiiilfKh stfi'Is, 258 ft sttf 
Maflo\ *' stiH'l 2<f9 
Ma< rojiiaphs, 171 
Mai ros| 1 111 I uif . I 78 
Mayiiftii proportifs of motals. 32f> t( 

Hf 7 

Mavrni't H ally hard malfnals, 329 

soft inatiiials. ,321*. 331 ft *ftq, 
MalN'ahlf iroii, J."», I98. |99, 1 |9 
.Muii^'aiioso I'hnaniiitn 277, 391 

.Manpoifs**. fflfft in < ast iron, 81 
in roalh'abk' non. 19I* 

, 111 hii*i*l, 41, 128. 127, 199, 

272 

III* kfl Hifi*!, 27s 
i'aHtm|.;K. 278 

Mo* )s fsi’o Sli‘»*], manji^anfH**) 

Ntfia turn! diagram, 199 
Mart* ijsin*. 17, 23. 31, 35 f! 44, 

128. 143 

I fiiH'lltit*', ti5 

Martinsitii' fast irons, 55, .37, 83. 65, 
82. 83 

31. 32. 195 ft 242 H 

H*q. 

MaHHoffis’t in hanlornni; Kt*H‘l«, 151, 202 
Maxilvrv Ht4sr‘l, 250 
MfWilhairiH, A., 2<Hl 

Mof'hanifHl pro|S'rtt«*« of 
alio\ st^M-ls, 199. 194 *t /nq* 
farixm 1)7. IIK, 130, 135, 290 

<‘hminf* sDx'ls, 227 
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3m 

MtN‘haiii(*al propertieB of — {ronifl.) 
rlironn'-viuiadiuiu nprin^ 299, 

300 

heat-nssjsting rttofls, 201, 203 (t tteq. 
high toiihile HtcH'lK, 229, 230, 231 
iron, Armco, 11 

fa8t, r>2, .13, .14, 00 *t Mf/., 86, 
97, loo, 101, 102, 103 
, (‘loctrolytn*, 10 
, cxtriMTiolv pim‘, 13 
, nialloiibio irons, 109, llo 
, urought, 7 

iruinganosf' st«H‘l, 272, 27 1, 27.1 

riH'kt'l chroiuc - rnol\ hdonuin stools. 
20.1, 200, 224 
stools. 20.1, 200, 219 i / stq. 
Xltruiloy slools, 310 >t 
rn h alIo\ stools, 3.12, 3.13 
Hihoo oliKano stool, .300. 30l 
sihoo-nianganoso stool, 30l 
spi mg sO'ols, 299 tf sff/. 
stain loss iron, 2.1.1 

* stools, 211. 24.1, 240, 217, 249 

stool tubing, 181, Is.l, 187, 188, 190 
Stolhto, 294’ 

structural stooK, 348, 319 
\al\o sto<‘ls, 303, 3tU, 3ti.l 
\\ir<', st('ol, 170 (t siq,, 182 
Moi'hanilo oa.st iiou',. 70 W .sf/y , 90 
Mt'hing point... 7. 28, 34, 3.1. 38. ,39. 
10, .1.1, 271 

Mont nuinbois ol sti'ols, 27.1 
Mil<l HtoiO. 1 18 _ 

shoots. 234 

Milhim stainless sti'ols, 2.18 
Mit IS castings. No 

Mol;v Ixlonunt, ottoot in « ast iron-, 00, 07 
in stool, 2t>2, 203, 20|, 2ti.l. 

282 

oloctno rosi-tanoo inntonal. 34t> 
iron oast mgs, 0t» 
f.t«s*ls ( Koo SttH'ls, nu k«*l ohro 
nmun-ni()l> hdonuin) 

Morgan. K., 74 

Muini'tal, 333 

Mushot stool, 2tt.l. 279. I9xr 

Nial, inagnot aHo\, 343 
Niohrtuno, 347 

Niokol allo\ onagnot inat«»riaU, 341 tf 

Mi q. 

- -bt'rylliiim st«H'I. 308 ^ 

-i'hroino allox , 27t). 34.1 

inanganoai* attsO, 3n7, 34.1 
inol> Ixlonutn attH‘l. 203 

«to«4 (sot> Stool, niokol- 

ohroino) 

•olail platoa, 239 


Nickel-ooato<l .stool strip, 239 

-ooppcu'-inanganosi' rosistauo 

lo>.s, 34.1 

, eff’oot ill oast iron. 01 ^ 

. - - in stools, 4.1, 40, 47, 

1 1 St q. 

on ohill, 02. Ht.l, IttO 

- - on wear resist an< o, (> 2 , 

-iron inagiiotio nllo\s, 333 f ' 

‘iiiol> bdonum oa.st iron, loi 
stool (soo Stool, niokol) 
tuhos, 1 87 

-\aiuuliuni sloi'l, 2 t)l 
NicTosilal c ast iron, 74, 98 
Ni-hard oast iron, 83, 84, HtO, tu>. 
Ximol oast iron. 7*1, 98. 99 
Xiobiuin in lutriding st<*ols, 3h' 
318- 

in stainless stool, 209 
tool stJH*l. 282. 283 
Xi resist ca-sf non. 7.3. 9 I», 9 s 
Xi-tons\i oast iron, 78. 192 
Xi(rallo\, 399, 311, 312 </ 7 . 

Xit ric*ast noils. 324 
Xitrahiig proi'os*,, 104, ,399 
Xitrogi'n iiaidoiiod (*ast iron-*. 8 t> 
stools. .309 ( t M 7 . 
haidi'iiing plant, 3 1 9 
\onjag, 79 . 71, .3 4.1 
Non magnci h < ast iron, . 1 . 1 , 79, 3i > 
high expansion stool, 218 
.Htoi'Is, tl. 299. 210. 218. 242. 
3 44 . 34.1 

Xon-shnnkmg -tt'eN, 2!10. 2!t7 
.Xorhnrx , L . 7 4 
Xonnah/mg ]>ro( OSS, 128, 139 

Oil toinpt'riiig hath, 140, 147 
Oils, (jnoiu'hmg. 147. 148 
. tomponng. 1 48 
Open hearth steel ]>ro*'<>— , 129 
Osmond. 17, 28 

1’kaiu i:. .1. 7t> 

rourht«‘. 17. 19. 2n. 21, 22, 39, 34. 
30 tf sMy., .19 
oa.st iron. 49, ,lt), .1.1. ,17 
etnnontito, 0.1 
-grajiluto, 0.1 

, tensile stnmgth <»f. 2*h 27 
Pearson, ( ’. K.. 80 
Porhton'’ ea*s^-hardoning, 104 
Por^leah^ht^ . definition. 32tt 
IMS' Physical prof)ertios) 
Perinalloj , 331, 332. 33.1. 3:40 
Phosphnle stru<*tur»\ cast iron, 8.1 
Phosphoric « ast irons, .11, 68 , 09 
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|jikorK‘s. ui rast iroiiN, (ill 

^ ui 127 

ll&jNil fao|M*tii<*s, Arnu'iv mm, H 
— . » ast in II*-, .*»4. 73 </ ><»/, 

,<‘Uvtnrul hIKiV'-. 

34r>, :ur» 

. t K iron. I<* 

- ' ,r\fnMiifi\ filin' iron. 12 

, lu’rtt I*'sl'^t ihjj: stiH*!-. 2r»s 

,iuairm‘1«r mntoTuil'-, 32i* 1*^ 

, 27 ♦ 

. Nitrulh'N MtM'l*,. 31.S. 311* 

. nitiojLjt'ii iianlrniiif^ rjist 

in Ml", 32.'», ,32<» 

, 1 11 h ulln\ "ti't'l". 3."»<, 37ir» 

. stainl<*"s non. J.'iii • 

M«m*U. 2 42 • 

. "tun In nil sti**’Is. 3.“) 4. .'{."iri 
. U nMlL'ht IKMI. 7, s 
mo i*r inii"it \\ in*, I 77 
nl<*r. H W 21*.') 

(ton rmjLT ( n!i ulatimis, !♦(» 

.»"1 iroii", 7<1. 77, 1‘.’* tf Y’ 
if mite, 2 1 fi. 2 1 7 
It mum. «'lo< tnc roHi-taia ‘I Mi 
•uiL'Ii "tof I M iro, I7>>. 171* 
aft .u*l< mat lio< 1. 17 

*u » It'i mat iilliirLTN . 2s7 < / >' 7 , .34 1 , .3 43 
asHint;-'. ''I«aat U foi, 23.3. 2.3 4 

•< .<sm a < ast iiiLr-.. < u ..t uoti lui , Iflf, lutt 
I’rofarall \ “ • a^t iron, ItiJ 
•ota»tir«£f .iraas alnl-t hanlf'mii^r. 171 
malia", siaal (ot , 22t). 237, 213, 21f'» 

* f s( tf, 

\rasta "l<'al, 2f)2, 2<i'* 

; \ I fi!N vm -t* )-J, 1 It 4 
laiK h ta-.t , S 

Miaia Imu/ ma4lia. I Mi tf *"7. 

aial Ja»i «ina-.-i, i.'»u 
oiU, 1 47. 14> 

"alt Maths, | js 

tamjMTatuia aial hanliu 1 4!f. 

|.‘»u. 31^ 

\M"UoK\ ||.Kt , S, It 
Ka4M<h‘op'' < Kjk#. hanlaiMH}/. Ihl 

a< ah'^atmi.a aOaat, 3** 

airl lianlriaw". 2SU. 2H,>. 21*1 
ol Stolhta, 21*1 

- short ni'Hh, f\, tut. 127 

321*. .330 

.a^|(staTla<*> alUn**. 343. 3 4ti 
firala. htaiiilas" "laal, 24 n 
to 2H4i 

hoiliuiu, t'hH'tric resiatanaa. .31*4 


KiM^vt h, !>r. K., 22t> 

Holls. Mist iron** ha, tlH. X3, M 
. ahillt'il « ant iron, <i(i 

Slamh'K" nttn'ln) 

S so si \iM V ss staal. 217 * 

.S. \J: siools. 2tMt, 220. 223, 3tt« 

Siifa-s. sfoals toi. 23n. 237, 27s 

Salt hath, haat tn'atmant, 114. UA 

stihitioti "oiahtiaation t'urvt'n, 34, 
3.“) 

Imth. tam|M'imi.’. 1 4< 

Sa\aur, 22 

.S4i\Miij» "tamh ss "ta« In, 2')S 

.Saaluii.' m«h*\. 2ti2 

last., 2<*2, 2iil. 2*il». 27ti. 3o.'» 

S« taw lUtlm sOimlas.. vt»s*Is. 2.3S 
Saamla'-'^ staal t’jlunt,*. IS* 

.sans'Miua: la-tmj;". «ss. s** 

.'Sail hanlamia.’ siaai, 20.3 
.Satin st a«'| I 3.) 

Shanr staal. t ' I 

Shaai lOff st rt'iuM h. si at I *. 1 1 S 

Shaat stt'als. allo\ . 2.32. 2.30 

. « 111 hon. 232 ♦ t HI tf,, 3.31* 
.Shoit'i hanlitimt,' |tro«t'‘'s. !f>4 *1 Mtf. 

S\ kas i/aar lianlaitmt; maahioa, 

H*7 

.s|i«it hl.i -. 11111 ; ''i»‘i'l ‘•‘(tNiii.'s. ,3ft2 
Shi ink, 1 ^'** * list iron. ).s. 72. 7.) 

Sji m« n-. Martm tml'l staal. 2,31, 2.3tl 
siaal {Mot fH , 1 20 

Sihil ta-t 'nMi. 7 4. S(l, Its 

.Sili hi oitia ’ staal; . 30f> 

Sfh< o ‘ hioina sti*a|. lOS. 2fifi, 300, 3tfl, 
303 . 3f»h 30.3 

.Siln o maia/auasa slat !, 3<fl 

.Sih< on I lU half a|a< t f It n'niMianat'. ,340 

, alfaal m < tl-t U MfiK, .7K 

III Iti'lllanhla iroilH, 14)0 
If. -t.‘a|.. I2ti. 127, 108, !!♦» 
h J nt a. .30 
-lai k 1 -338 

stiiK'lural lhaijrarn, 11*8 
Silfji ♦li.frtt ft sjst.mai' .3M) 

Sil\ »•? -sttlt larintr staifila«H s4oi*Im. 2rilt 
Slaj/. .3. Jf) 

Stoiium. 11 \ . 307 

.Smitli's .No. }<tallo^. .34.3 

.Soakm}; of tool siaain, 2H.3 

.Sofhnm lillatl \al\aH, 34t7 
.Strilt an'rts, ifi hanlaiiiiii/, 171 
Sohiarinj; stamla*4H !hM-«*1k, 25(1 
Sohilila atn»n anrvan, .33 ft Heq. 

.Sorhita. 17. IS, 20, 37. 02. 82, 90, 92, 

93, I 43 

.Sji#«t‘iiia {/ravitiaH lOiyHiml |>ro* 

|M*rt la" ; 
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“SfMJcimeiw/’ preparation of, 16, 17 
“iSpecHlicut ” Httvl, 2Sl 
iSpheroidizmj^, 57. 131 
SpiegeleiBcm, 119 
Spnn#^ Kteel«, 29S 
- Htf^el wires, IHl 
iSpiin-sorbitie (‘ahtinff^i, 90 
Stabilizing tnutnienf. 2S4. 285. 280. 
320 

Stag 8tw»lH, 280 
Stainless MtiM'l <*astings, 270 

- , eorr«)sioii resiHtan<*e, 252, 
253 

“ , magnetic piojx'rtif^s i»t, 344 
Hheet, 232 
- tubing, 192 
win‘, iso 

- Hteelrt, 31. 32, 45, 192. 232, 241 
#f<y. — — 

Stalloy, 331, 338, 339 
StaHHano eieoti’K* turnace, 121, 122 
Stator, nofi'iimgiietK' < ast inui, 72 
*‘Sta>brite’' Mteelh, 212, 248. 251. 252, 
253, 202, 290, 311, 315 
St<m<i, J. K , 17 

Sti^ain engine < ast irons 1 12 

Stool, 13 

, air-hanleniiig, 10, 41. 285. 305 
- - allo,\ , 1 1, 40 ( / «»( Y 
, auKteriit i(% 37. 40, 41 

— blioter, 121 

— * cables, 181 

, carbon, 22 ♦/ wo/ , 1 17 W ,vr/.. 1,50 
, oaw' banicning, 150, 210 ♦/ wr#/. 

, caNt, 121, 129. 134 tt . 207 
ca.8ting)4, 130, 137, 201, 220, 227 
, chisel, 297, 298 

.chrome, 43, 44. 225 it wm/ . 242 

Wf</. 

, — molybdenum. 230, 314 
. eobalt, 281, 282 

, colours iiiid tem|K>ratiuvs. 14th 

111 

constituent hardnesses, 20, 27 
~ . e< institution diagrams. 22 

,crank8lmrt, 201. 296, 213. 215, 

220, 221, 222, 223, 228. 231. 

312 rt .yry. 

, critical points m, 29 rt 

, die (8tH> Die MtetdM) 

— , double shoar. 121 
, high carbon, 39 

, — chromium, 242 </ ac^.. 290, 

314 

^ — oolialt, 341 

— , — nuuiganea(\ 199. 272 

— . nickel, 41. 210 

, - — situnm, 198 


Steel, high speed tool, 279 et sea,, 3t>, 
304, 305 

, higher carbon, 37, 38 

— , magnet, 339 et tteq, 

manganese, 41, 42, 120, 272 et 8i / 

manufacturing processes, 14, 119 

et seq., 140 

— , mild, 118 

, molybdenum, 202, 203, 204, 2t>5 

— nickel, 45 it wrg., 196, 197, 21o 
et seq. 

nickel-chrome, 40, 41, 197, 198, 
211, 212, 213, 218 et seq 
, - -molybdenum, 203, 224, 

23t) 

, non-magnet 1 C, 41, 200. 210, 218, 
242, 278. 314. 345 
, putK'b (S4M* Puiif'li Steels) 

-.slieur, 121 
, sheet, 232 t( stq.. 339 
.stainless, 31, 45. 180, 192, 2T', 
241 ft mq., ,303, 304. 303 
, , t wo pl\ , 238 

.struct lire, 228, 348, .349 

- . tool, 121, 139, 279 (/ seq. 

tubing, 1S4 I / siq. 

, tungsten, 42. 205, 207, 279 tt s,q 
, < hiomium-\ tinadium, 281,' 

33tl 

, \anatlnm». 201, 2t)2 
v\ iiH' manutai tiiri', 170 

- , microscopK examination of. 
177 

pro|M'rt»es. 177 srq, 

Stis’Is, hardening, i 1 S 

, Nitrnlloy, .312, 313, 314 
. non -shrinking. 290, 297 

- .spring. 181, 2tl8 tt seq. 

Stellite, 2t>9, 29o tt seq., ,307 
Stobie funiais*, 1 25 
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